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PREFACE 


An adequate treatment of the subject of modern physical chemistry for 
the advanced student is a difficult task for any one person. The ever-widening 
scope of the subject, its extension into domains which, even a decade ego, 
were as yet unknown or unexplored, demand qualities of broad scholarship on 
the part of an author which are largely incompatible with the call for specialiied 
endeavor in other phases of his work. The present treatise on physical 
chemistry represents, therefore, a cooperative effort on the part of a number of 
physical chemists to cover generally the major portions of their science by 
contributions in those portions of the subject which their particular inclina¬ 
tions have led them more especially to study and to which they themselves 
may have contributed by their own clTort and research. It is hoped that, in 
this way, a more authoritative treatment of the several branches of the subject 
may have been achieved; perhaps, also, a fresher exposition of the subject in 
its various phases may have been realized. Through cooperation, it should 
have been possible to secure a more up-to-date record of the present status of 
the science, since the time consumed in the preparation of such a treatise can 
obviously be reduced beyond the limits which must be demanded by a single 
author, furthermore, where labor is shared a more frcipient revision can be 
more easily achieved. 

Cooperation in the present undertaking has been freely and generously 
given. The editor wishes to express, tlnwefore, his gratitude for such assistance. 
The responsibility for the plan of the book must n‘st with him, since his con¬ 
tributors have, in the main, acceded to his requests ns to the general trend of 
their contributions. It will be generally recognized that a now era in physical 
chemistry is upon us. The science of a decade ago is \itterly inadcrpiate to 
present-day demands. The atom is no longer :i philosophieid concept hut a 
concrete reality, no longer however “ abjinic ” or indivisible. lOnergy is con¬ 
sidered less and less as a eontinuuni, more and more in nnita or (pianta. Tin: 
contributions of thermodynnmii's, of statistical averages, arc, more and more, 
being supplemented by studies of the individual. The cl.assical tradition id 
physical chemistry was the stmly of the individual from the behavior of tim 
crow'd. Are there not signs that the behavior of the crowd can be deduced 
from the study of the inilividiial? It is with such thoughts in mind that the 
plan of the book took shape. Atoraistics and kinetics must supplement the 
general conclusions of statistical and thermodynamic reseandi. The modern 
student must avail himself alike of all the varied avenues of approach to the 
unexplored terrain. 

The book is addressed primarily to the advanced .student in physical 
chemistry, to the research student desirous of learning the background to his 
problem and to the research man in industry who requires the theoretical 
treatment of hU practical investigations. Actually, however, the book may 
have a wider appeal. As divided into two volumes, the work appears to meet 
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the demand for a graduated text in physical chemistry. The material of the 
first volume represents that portion of the subject of theoretical chemistry that 
can with advantage be addressed to the first year student of physical chemistry 
who plans to contiiuK? his studies beyond that year. It contains the main 
features of the classical era of physico-chemical develojmient. The volume 
contains, it is true, a more detailed treatment of the subject than the average 
student will fully grasp in his first year of its study. It will not, however, be 
amiss for the serious student to find in his text somewhat more than will be 
discussed in his lectures and exercises. Stimulation to further effort may 
result. For all students who plan to take more than one year of work in 
physical chemistry, assimilation of the material of the first volume will repre- 
s(mt a very solid accomplishment and a sound basis for approach to the more 
modern aspects of the subject which find their treatment in the second volume. 
In the latter, the student is taken to the borderland of the subject where active 
develoj)ment is even now in progn'ss. 

A cooperative text offers a fniitfid field for the criti(! or reviewer anxious to 
locate the weiiknesses of a text rather than its virtues. To such people it will 
be well to point out that an editorial survey has resulted in the discovery of 
many j)!aces in the hook wliere dujdication occurs and even where apparently 
divergent views have found expression. Many of tliese have heeji earofiilly 
considered and discussed with collaborators and colleagues and have been 
allowed to remain. For, where divergent views are held, there is evidently 
s(»?nething lacking in ab.soliite truth of the matter dis(aisse(l. Such passages 
may theref(»re be taken by the student a.s (he signposts to further research and 
investigation. It is with the hope that these voliiinos may lead to a fuller 
inve.stigation of the fundamental lheore(ie:il base.s upon which all the fine 
structure of the modern scicfKie of ehomistry, academic and applied, has of 
necessity to stand tluit the labor involved in their preparation has been un¬ 
remittingly given. Other tasks and endeavors would, doubtless, in many 
cases Imve been preferred. 1'he editor gratefully acknowledges the whole¬ 
hearted cooperation of liis contributors and the (‘fforis which they have made to 
facilitate his work, not only in their own contributions but also in their dis¬ 
cussion of the offorbs of others. In particular, an expre.ssion of gratitude is 
here made to Dr. T. J. Webb, of Princeton University, who possessed, in large 
measure, qualities of editorship which the editor himself lacks and who has 
perused, and criticized, with many valuable suggestions, all of the material 
included in those volumes. To iny brother, Dr. H. Austin Taylor, who has 
shared generously in tlic labors of index and proof my thanks arc also due. 
The efforts which the pul)lisliors have put forth are revealed in the quality of 
the printing and the make-\ip of the book. But, beyond this obvioiis coopera¬ 
tion, there is a wealth of effort in wliieh their anxiety to surmount diffi¬ 
culties with generosity has been most conspicuous. For this they deserve 
especial thanks. 

Huuh S. Taylor. 

Pbincbton, N. J.. 

July, 1924. 



TABLE OF CONTENTS 


VOf.UMK I 
(’l!\l‘TKU I 

I'aK.- 

The Atomic OitK-opt (if .... . . ... 1 

The Law-s of (’hcnuciil Tlic .\toniio TlKH)r.v - Avoniulro'.s 

Hy|>otheftis. ••Diiloiij' and I’li.il’.'i Law I'onioiiilHMni Pi'oui’.s nyj)otlH*si.>< 

—DolHireiiier’.^ 'I'naiU l'’arada.\’.s Law.^ of l';!t‘cirol\si> The PiMiodi*- 
Sy>toii) -.\toiiiic Sinn (iin- 'I’Ik- KI«'< (ioii hniizatnm I'osMiw Nuclei 
The Nuch'ar Aloin The \ltnuic N'iiihImt UadniiU'live DiMnleKialion 
lMi|<ipef, 'Mle< lioiH*’ \ii.iii}'etiic!il. - Vpplicatnm.^ of tin- .Momic ('oneeitl. 

Cnu’TLU 11 

TIk; 1‘jiergetics of ('lumiical ('luuigc . 

Energy -Meclianicat Ei|iiiviileiit of Heat Law of ('tiiisei valion of Enertf> 
—Internal Enenry Heat (.’onicut Heat (’aiiiicil.y Heat of Heaetion 
Hi;.s>' Law Kiii-litiotV^ liUw Tln]iiiM'n-Heilli<‘Iot Ihiiicipfe .\]it)li<-aliona 
of Law Joiile-Thoiii.-oti (’ix'flicieiil I^otlieniial and Adi.ahalit' 

Kxpaii.Mon '('\clic I’io(c»c>i Carnot (^rle ’l'hi‘ Socond Law <*f Enei- 
K<;tjcs Ueveihihle aiirl Iinnei'ilile Hioi'e.'-<es Maxinmni Work Entropy 

- Free Energy luinihluaum, 

ClMl'TKK 111 

The Gusoous State of Aggrcgiifioii .. . hh 

The Ideal Gas Law.^ Tlie Kinetic rheoi,\ DilTiision 'I'lioimal DitTu.sion 

- Maxwell’s l.iaw' of lviui|Kiitition l'dfe<'t of (iia\it\ on Gas I/iwh - 
SpiK-ihc Heat,-. Mean Free Path -\'i>(d,sitv ('(JinliKlion of H«'at 
Molecular .Mli.iction ViM'o>ity and Molc<-ular Di.ainelci Deeiations 
front (he Gas Law- \.ini|t‘i Wa.ils’ iMpnifion GJL^ .Mixturi '', 

('lIM'THH IV 

The Tiquid State of Aggivgutnm. 1H7 

Critical Piienonicn.i Isotlierinal i>-i> Ciirvajs lOqnatioiis of .State 
Volume of Moleeuic> Eu'i.alion of (■orrc^polldln^^ Slates Vap»>i Fressiiro 
—Vapor Piessure and Extcinal Pressure Surface'rcnsion t Irienlation of 
Molecules- -Lupiid Civstals ColuMve l''or<a! Law of Moleciilai Atliac- 
lion—Viscosity of J/iijmds -Spe<-ilic Heats lA Liquids. 

Chaptkk V 

The Solid iStatc of Aggregation. . 147 

Crystals and Amorphous Solids -The Kiemeuts <*f (Tystallography— 
Classification of Crystals--Crystal Structure -X-rays and (Tystn! Analysis 

ix 





X 


TABLE OF CONTENTS 


—Atomic Distances—Isomorplujjnj—Polymorphism—Solid-Liquid Tran¬ 
sition—Compressibility and Thermal Expansion of Solids—Heat Capacity 
of Solids—Heat Capacity and Temperature—The Mesomorphic State, 
Liquid f’rystals. 

Chapter VI 


Thennochemistry. 179 

Caloriinetrio Units—Reactions at Constant Volume and Pressure— 

Methods of Calorimetry—Combustion Calorimeter—Electrical Calorim¬ 
eter—Ice Calorimeter—Continuous Flow Calorimeter—Law of Constant 
Heat Summation—Heats of Formation—Heat of Reaction and Temper¬ 
ature-Latent Heat—Specific Heat of Gases, Liquids and Solids—Heat of 
(Combustion—Heat of Solution—Heat of Dilution—Heat of Neutraliza¬ 
tion—Heat of Adsorption and Wetting—Heat oi Coagulatiotj—Heat of 
Hydration of Gas Ions -Heat of Evaporation of Electrons. 


(.’hapteh VIl 


The Laws of Dilute Solutions. 231 

Definition of Solutions—Ga-soous Solutions—Solid Solutions—Liquid 
Solutions—(Composition of Solutions—Coiligativo Properties—Vapor 
Pressure Lowering—Henry’s Law—Distribution Law—Raising of the 
Boiling Point—Lowering of the Freezing Point—Osnjotic I^resaure— 
Molecular Weights in Solution—ExiMjrimental Study of Dilute Solution.H— 
Thermodynamic (Considerations of the IjUws of Dilute Solutions—Osnmtic 
Pressuna and Vapor Pressure—Nature of Osmotic Pressure—Donnan’s 
Membrane E(tuiUbrium. 


Chapter VIII 


Ilomogenoous Equilibria. 

I^w of Mobs Action—Dynamic E<iuiUbrium—Reversibility of ('hemical Re¬ 
actions—Equilibrium Treated Kinctically—Etiuilibriuiu Treated I’hermo- 
dynamically—Mass Law for Gaseous Systems—Mass Law in Terms of 
Activities—Free Energy Increase and C’hemi<!ul Change—Variation of 
K(iuilibrium witlr Temperature, Pressure and Concentration—Catalysts 
and Equilibrium—Measurement of Chemical Equilibrium in Ciaseous 
Systems, in Liquid Systems, in Solutions—Mathematical Treatment of 
Equilibrium Data. 

Chapter IX 


Heterogeneous Equilibria. 

(а) The Distribution Law—Gas-Liquid and Liquid-Liquid Systems— 
Distribution and Association or Diasociation—Study of Equilibria by 
Distribution—Amorphous Phases—Extraction—Temperature Coefficient— 
Limitatioirs—Distribution in Solid-liquid and Solid-Gas Systems. 

(б) The Phase Rule—Equilibrium—Phases—Components—Degrees of 
Freedom—One Component Systems—Water—Sulfur—Polymorphism- 
Liquid Crystals—Suspended Transformation—Two Component Systems— 
Gas-Liquid, Liquid-liquid, Solid-Liquid—^olid Solutions—Gas-Solid— 
Three Component Systems. 







TABLE OF COS TENTS 


xi 


(c) The Solubility of SolkU in Litiuids—Nan-Electr<»ly(e8—Eloctrolytea in 
Water—Solubility Product. 

{<0 The Thermodynamics of HcteroRcucoua likjuilihria—Kquilibriurg 
Constant of Heterogeneous Reactions—Ciiis-Solid Equilibria—Gns-Liquid 
Reactions—Equilibrium between a Solid and an Ideal Solution. 

Chapter X 

Tlip Measurement of Electrical Energy. •!<)!> 

Ohm's Law - Faraday’s Laws of IClcctrolysis—Silver Coulometer—ItKlino 
Coulometcr—Al^stihito Measurement of Current - MeaHurtMiient of Electro¬ 
motive Force -Sitmdard Cells. 

ClUPTER XI 

Conductance, Ionization and Ionic Equilibria. 485 

(a) Historical—Condiictttrs and Non-Conductors—Classes of Comluctors 
-Unipolar Conduction—Metallic Conduction—Resistance of Metals and 
Temperature—Conductance of Alloys and Atnalgams—Conductance of 
Solid Salta and (Hasses—Tlieorios of Elcotrolybis--Faraday’s Laws — 

' Electrolytic Di-ssociation—Specific, E<|uivalent and Molar (’onductance— 
Experimental Measurements—Water Correction in ('onductance Moaaure- 
menta—Errors—Effect of Dilution —('onductance and Viscosity—Pressure 
and Conductance -T(;nii>craluro and Conductance—Kohlrausch’a Law— 

Absolute Mobilities- Migration of Ions—Transport Numlicra—Hydration 
of Ions—Temperature and Ionic Mobility—Migration Ratios from E.M.F. 
Measurement.s- -Diffuskui of Electrolytes. 

(h) Ionic Efiuilibna of Electrolytes The Theories of (onipleto Dissocia¬ 
tion—(’onductance and Coiibtilulion -Isoliydric Solutions •••Hydrolysis- 
Amphoteric Electrolytes - Solubility Product—Comjdcx Ions. 

(c) Non-A<jucous Solnlions -Ionizing Power of Solvents lOxjierimontal— 
Temperature ami ('onductance m Non-Aqtieous Solutions -Viscosity and 
('onductimco Dielectric (^m-stiuit and Conductanco- Nature of Non- 
Aqueous Solutions- Transport Numbers- -Conductance in Mixed Solvents. 


Index 






CHAPTER 1 


THE ATOMIC CONCEPT OF MATTER 

HY Iirtm S. TAYI.OU, D.Sc., 


Professor of PfinMai] Vhnnialri/, Pmurton Cninruthf, X. 

The inception of tlie nioilern era in clioinienl science may be attributed to 
tlie proposal of tlie atomic tlieorv of elieinical action l)y .I(>lin Dalton in the 
first volume of Ids New System of Cln'mical Philosophy, ISOS. Tlie sciontilic 
era in which the Daltonian conce])t was formulated was e^p(‘cially favorable 
to its development. The tiieoiy (»f atomic constitution was no new theory. 
The Greek theory of atoms, due to Leuciiipiis and hunded down to us in the 
writings of Democritus, is the first of which we have record. Boyle included 
iuHiis conception of elementarv suiistanoe.s nune notions of atomic constituents. 
Dalton himself was led to the atomic theory by reason of his admiration of the 
Newtonian doctrine of the atomic constitution of malfer. Tlie (piaiititative 
era into which Daltons tln'ory was born pro\ide(l the circumstances neces¬ 
sary and favorable to its growth. Tlie theory .simjdilied and correlated much 
that the quantitative spirit lia<l disclosed and had not yvi explained. It 
provided the framework upon which was hnilt tlie cliendcal philo.sopliy and 
tlie chemical research of the nineteenth century. Towards tlie close of tlie 
century it seemed as though the theory might givi* way to an interjiretation 
of the science based ujmn energetics. But, in the new century it emerged once 
more broadened and anqilified by the di.scovcries of sub-atomic phenomena. 

The atomic theory of Dalton postulated the existence id minute indivisi¬ 
ble particles or atoms, each of equal weight for the same I'lement, atoms of 
different elements, however, having different weights, (oinpoiimls were tlie 
result of union of di.ssimilar atoms the ratio of wlio.se vvi'iglits was proportional 
to their combining weights This fundaimmtal i<lea of atoms having charac¬ 
teristic weights and combining to form cliemical compounds at once illuminated 
the quantitative facts of chemical coniljination then known, I'lioy may be 
thus briefly summarized: 

(1) The Law of DefinUe ProparlmiJi, (‘xiMTinieiitally hy Proiwt iu 1709. Tho 

elenients which form a chemn'al fijiiipouiid arc united in it in an invariable ratio l>y weight, 
which is characteristic of that coinitound. Proiwt’s analyses were made with carl^onate of 
copper, artificial and natural, the two oxides of tin and the two sulpliiiles of iron. Proust 
showed, in contradiction of claims put forward by Borthollet on Ijehalf of variable composition 
due to mass action, that when a inolal combines with oxygen in more than one proportion 
there is no gradual increment of one clement but a sudden, per sidlum, increment. His analyti¬ 
cal work was not sufficiently umirale to establish tho law of multiple proportions. 

(2) The Law of Multiple I’roiHtrliom, deduced from experimental work by Dalton and 
formulated by him in confonnitj with liis preconceived atomic theory. When an element 
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2 A TRUATLSE ON PHYSICAL CHEMISTRY 

combines with another to form more than one compound liie masses of the second element com- 
binini; with a fixed moss of the first element bear a simple ratio to one another. The accurate 
analyses of Berzelius provided abundant evidence of the truth of this law which the less 
accurate efforts of Dalton produced. 

(3) The Law of Reciproad Proportions, established by the experimental Vork of Richter 
(1792-1704). When two or more elements combine with a third in certain proportions they 
combine with each other in the same proportions or in multiples of these proportions. In his 
lxK)k Sloichiomdry of the Chemical ElemerUs published in the above years this law of reciprocal 
proportions is illustrated. 

The haw of Conservation of Mass., formulated by Lavoisier in 1774 upon 
the basis of experimental meiwurcment, states that the total mas.s of the 
reactants in a chemical reaction is equal to the total mass of the products of 
reaction. All these laws, quantitatively exact and experimentally verifiable, fit¬ 
ted admirably into the framework of chemical principles established by Dalton’s 
Atomic Theory. Further support was quickly forthcoming. Gay Lussac put 
forward in 1R08 his Law of Combinimj Volumes. When gases combine they do 
so in simple ratios by volumes, the volume of the gaseous product bearing a 
simple ratio to the volumes of tlie reactants wliou measured under the same 
conditions of temperature and pre.ssure. An attempt by Berzclims to interpret 
this law in terms of the atomic theory failed owing to a lack of understanding 
of the differences between atoms and molecules. Knowing, as a result of the 
earlier investigations of Gay Lussac, tliat many gases vary similarly when 
subjected to temperature, and, from tlie investigations of Boyle, to pres.sure 
changes, Berzelius suggested tliat equal volumes of different gases under like 
conditions of temperature and pressure contain the same number of atoms. 

Avogadro’s Hypothesis: The correct correlation of the atomic theory with 
the characteristics of ideal gases is due to Avogadro who propounded in 1811 
the Avogadro hypothesis. Though not accepted by the early proponents of 
the atomic theory and only commanding general adherence after the exposi¬ 
tion of the hypotliesis some 47 years later by his fellow countryman the Italian 
scientist Cannizzaro, the hypothesis of Avogadro was a true exposition of the 
facts concerning gases. The hyi)othesis may be stated in the following terms: 
Equal volumes of different gases under the same conditions of temperature 
and pressure contain the same number of molecules. The limitations of this 
hypothesis us regards actual gases and the many experimental methods which 
have now been developed actually to determine the number of molecules in a 
given volume of gas will be dealt with in appropriate portions of the following 
chapters. At this stage it will suffice to indicate the actual change introduced 
by the Avogadro hypothesis into the Daltonian concept of atoms and atomic 
combinations. On the Avogadro principle the atom became the smallest 
particle which can enter into chemical combination. The molecule became the 
smallest particle of matter which was capable of independent existence. This 
distinction clarified the, known experimental facts. It explained for e.xample 
how one molecule of hydrogen and one molecule of chlorine combined to form 
two molecules of hydrogen chloride. Each molecule of hydrogen and chlorine 
contained two atoms whereas the molecules of hydrogen chloride contained 
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an atom each of hydrogen and chlorine. It is perhaps advisable to point out, 
now that the difficulties associated with the terms atom and molecule no longer 
exist, that the definition of the molecule given above lacks somewhat in rigor. 
For, we now know that, under proper conditions, not only molecules of diatomic 
gases such as hydrogen, chlorine and iodine may e.vist in the free state but that 
atoms may also so exist provided the conditions of temperature and pressure 
be suitably chosen. Under such conditions the molecule and the atom become 
identical. 

With the atomic theory as guide, Berzelius proceeded to the determination 
of atomic weights of a wicie variety of elementary sid)stances. The determina¬ 
tion involves two steps, (1) the measurement of the combining weight and (2) 
the finding of the ratio of combining weight to atomic weight. The former is 
an experimental operation generally involving some kind of quantitative an¬ 
alytical procedure as, for example, the determination of the quantities of 
potassium and chlorine in unit quantity of potassium chloride, of hydrogen and 
oxygen in water or of hydrogen and chlorine in hydrogen chloride. From such 
determinations the combijiing weights of oxygen, chlorine and potassium in 
terms of hydrogen as unity may be determined. The second step, however, 
involves a knowledge of the number of atoms which are combined in a com¬ 
pound with the reference element. Thus, to take an example of historic in¬ 
terest, the atomic weight of oxygen relative to that of hydrogen as unity would 
be approximately 8 or 10 according as one or two hydrogen atoms combitie 
with one atom of oxygen, the combining weight being <8. It is in the solution 
of this problem that the Avogadro hypothesis performcil a most useful func¬ 
tion, delayed, however, by the non-recognition of the im|)ortance of the hypoth¬ 
esis until Cannizzaro's demonstration of its utility in such connection. 
Until that demonstration was given, no general agreement as to atomic weights 
was possible, different observers using different values which, however, were 
simple multiples of other values for the same clement, according to the pre¬ 
conceived idea of the exjjerimenter ns to the atomic ratios prevailing in the 
compound analyzed. 

Dulong and Petit’s Law; Two further principles of great utility in deciding 
doubtful cases of atomic weight values were discovered and employed in the 
early years of the atomic theory. The one, the law of Dulong and Petit was 
applicable to solid elementary substances. The law, formulated in 1811), 
states that the product of the atomic weight and the specific heat is approxi¬ 
mately 6 calories. It will be shown that this law is a limiting law applicable 
to all solid elements under specified conditions. Known exceptions, such as 
boron and carbon, which show' low atomic heats at ordinary temperatures 
manifest at those temperntures a phenomenon common to all solid elements 
if the temperature chosen for the determination be sufficiently low. At higher 
temperatures, even these elements have atomic heats approximating those 
demanded by the law. Nevertheless, a sufficiently large number of elements 
obey the Dulong and Petit relation at ordinary temperntures as to make this 
principle of important assistance in deciding cases of doubt in reference to 
atomic weights deduced by other methods. 
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Isomorphism: The second principle was of assistance in the study of the 
atomic weights of elements present in crystalline, compounds, In 1820 Mit- 
seherlich called attention to the practical identity of crystalline forms of the 
corresponding salts of phosphoric and arsenic acids. They crystallized with 
the same molecular f|uantities of water of crystallization and possessed the 
power of forming mixed crystals. As a result of such observations, Mitschcr- 
lieh concluded that analogous elements or groups of elements can replace one 
another in compounds without material alteration of crystalline form. Two 
compounds so related were termed isomorphous and the phenomenon was 
given the name Isomorphism. The identity of form is not absolute. The 
distances between atoms varies slightly in one compound from that in the 
compound of the next analogue, 'riicsc differences persist even in the mixed 
crystal and result in <listortion of the crj'stal angles. The variation of inter¬ 
atomic distances and the distortion of the crystal angles become greater the 
more widely divergent are the analogous elements. As a coirscqucnce, with 
the more widely divergent anidognes, mixed crystals will not occur even though 
there is identity of crystal form between the compounils. Substances may 
crystallize in two or niore distinct crystallographic systems having, neverthe¬ 
less, constant chemical c<imposition. Such behavior is termed dimorphism. 
If isomorphism occur between the two forms severally of two such dimorphous 
bodies the bodies are said to be isodimorphous, the phenomenon being, cor- 
respondingly, Isodimorphism. .Similarly, trimorphous substances are known. 

From the stamlpoint of the atomic theory, however, quite apart from the 
importance of Mitscherlich’s observations crystallographically, isomorphism 
a.ssistcd greatly, since it gave a ready indication of chemical composition in 
the case of substances crystallizing in the same form and isoniorphously with 
substances of known composition. Berzelius made great use of the princijrle in 
fixing atomic weigtits and in checking the results of his analytical investiga¬ 
tions. Isomorphism has acquired a still greater range of applicability as the 
result of more recent deductions concerning the sub-atomic characteristics 
of the atom. As will be later demonstrated, isomorpliism is possible between 
comiroiinds containing elcmcnt.s which from the Mitscherlich standpoint would 
not be regarded as analogues but which, from a similarity of sub-atomic com¬ 
ponents, acrpiirc identity of crystalline form. (See Chapters V and XVI.) 

Prout's Hypothesis; Philosophically considered, the Daltonian concept of 
atoms, of differing weights but incapable of subdivision, is not without diffi¬ 
culties. Ileason suggests the ]«issibility of subdivision even though technique 
may not be arlequate to its achievement. As a consequence, side by side with 
the many achievements of theoretical chemistry in the 19th century, based 
fundamentally upon the atomic theory, there has persisted the es.sentially 
opposite viewpoint, namely that of continuity or unity of matter as opposed 
to the discontinuous view of material substances which the atomic theory 
postulates. This contrary viewpoint has been developed both comsciously 
and unconsciously. Front’s hypothesis put forward in 1815 is the earliest 
illustration of conscious development. Prout, reasoning from the approxima- 
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tion to whole numbers of the atomic weights of several of the elements, sug¬ 
gested that the elements might be, in reality, polymers of hydrogen. This was 
a revival of the protyle theory of matter with quantitative investigations as 
its support. But further quantitative study tended to withdraw support from 
the hypothesis of Front. The hypothesis gave an added stimulus to e.xaot 
atomic weight determinations and these but .served to demonstrate effectively 
that many of the atomic weights were markedly divergent from whole numbers. 
Stas’ determinations of atomic weights, and notably that of chlorine, were 
classical researches, with this divergence from the whole number rule ns the 
decisive result. 

Dobereiner’s Triads: Attempts at classification of the elements on the basis 
of similarity of properties are less conscious methods of establishing the essen¬ 
tial unity of matter. Thus, Dobereiner’s idrservation, in ISI7, that groups of 
three elements chemically similar, with ;itomic weights in arithmetic progres¬ 
sion, could be compiled, wdiile essentially an altempi at convenient classifica¬ 
tion, involves, in its fundamentals, an a|)preciation of .a mufying principle. 
The chemical similarity of. for exanqile, lithium, sodium and potassium, chlor¬ 
ine, bromine ami iodine, calcium, strontium and barium, sidphur, selenium and 
tellurium with the very (hdinite arithmetical relationships of their atomic 
weights, Na — Id “ Ki.Ofi, K — Na ” Ifi 1, suggests immediately a funda¬ 
mental factor common lo each group of three and so some unity underlying 
each group. This aspect of the jiiatter was not, however, emphasized eithcu’ 
in Ditbereiner’s tri.ad system nor in subsequent, more eomptadiensive, systems 
of classification. 

Faraday’s Laws of Electrolysis and Ihe Idectrochemic.al r'uovpoint. The 
electrochemical researches of Nichotsrm and Carlisle, ISOO, on thrr decomposi¬ 
tion of writer, of Davy on Ihe preparation of potassium, soiliuni, and other 
metals 1,S(I7-1.S0,S, and of Berzelius and llisinger m Sweden 1S(I.T-IS07, on the 
decom|iosition of neutral .-alls by the electric current, didinilelv brought eh'c- 
trnchemistry to the fore a- an auxiliary to other methods of chemical investi¬ 
gation, Davy’s Klectrochcmical theory of alliiiity and Berzidiiis' theory of 
atomic polarization broiiglil electroclieniistry into Ihe domain of tlieoretieiil 
chemistry. Karadav's re-earclies in e\|)erimeiital electricity estiiblislied 
quantitatively the relalioMslii|) between electrieily and the atomic weights of 
the elements. Faraday idiscrved that (Fxperiniental llesearches, .’iO.’i): 'For 
a constant quantity of eleetricity, whatever the decomposing conductor may 
bo, whether water, siiline solutions, acids, fti,-ed bodies or the like, the amount 
of electrochemical action is also a constant quantity,’ Furthermore, with 
different solutions, the amounts of elementary constitiienta produced by unit 
quantity of electricity are proportional to their chemical equivalents. In 
these two laws the atoms and electricity are for the lirst time intimately as- 
.sociated, Faraday’s ions, transferred through solutions by the agency of the 
current, were carried in definite amounts, one gram ion for every 9fi,500 
coulombs of electricity. Modified by drove, 184.5, by Williamson in 18.51, 
and by Clausius, 1857, in the sense that the decomposition was not effected by 
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the current but that the ion carriers must exist in part uncombined, the theory 
of conduction was given quantitative formulation by Arrhenius, 1887, who 
demonstrated that the extent to which the free ions occurred in solution was 
deducible from the electrical conductance of the solution as well as from the 
properties of solutions, at that time entirely disassociated from the electrical 
properties of solutions, namely, osmotic phenomena, freezing point, boiling 
point and vapor pressures of solutions. The properties of conducting solutions 
became a function of the positively and negatively charged ions which they 
contained. Progress from this point of view to those held today came as 
a result of the researches of the physicist and the student of radioactive change. 

The Periodic System of Classification; Before the contributions of the 
physics of the atom and of radioactivity were achieved, the chemist had pro¬ 
vided himself with a broad and comprehensive system of classification of the 
elements which, more decisively than hitherto, suggested a fundamental unity 
of elementary structure, though designed, primarily, to emphasize the inter¬ 
relation of chemical and physical propertie.s. An effort of de Chancourtois 
(Via Tellurique, Classement nature! des Corps Simples, 1862) excited little 
attention among chemists, though substantially a statement of periodicity of 
properties with increase of atomic weight, Newland’s Law of Octaves, 1864, 
an arrangement of the elements in groups of eight bringing with each eighth 
element a repetition of properties like the eighth note of an octavo in music, 
aroused much ridicule and little respect, though essentially the correct formula¬ 
tion of periodicity. It is noteworthy to record that, had Ramsay’s discovery 
of the rare gases of the atmosphere preceded this formulation, the analogy with 
the musical octave would have been lost; the scoffers would have lacked one 
of their principal weapons of ridicule, Mendeleetf in 1869 established the same 
periodicity of properties by arranging the elements in the order of increasing 
atomic weights. His historic association with the law arises because he em¬ 
ployed the periodic law, so discovered, as a powerful instrument of chemical 
classification and a weapon for prosecuting chemical research, 

"When I arranged the elements,” ho wrote, “according to the magnitude of their atomic 
weights, beginning with the smallest, it became evident that there cxist,s a kind of periodicily 
in their properties, I designate by the name periodic law the mutual relations between the 
properties of the elements and their atomic weights; these relations are applicable to all the 
elements and have the nature of a periodic function," 

Simultaneously, Lothar Meyer in Germany was evolving the same generaliza¬ 
tion. Moyer was more concerned with the periodic variation in the physical 
properties of the elements as a periodic function of the atomic weights of the 
elements, his graph of atomic volume plotted against atomic weight demon¬ 
strating the same broad periodic relationship which we may now detail as the 
result of the application of the Mendeleeff principle. 

The accompanying table embodies the ideas as laid down by Mendeleeff 
with the modifications introduced by newer and better data than were avail¬ 
able to Mendeleeff and modified also by the additions—especially that of 
Group 0. which comprises the rare gases of the atmosphere—which subsequent 
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rewearch and discovery have permitted. For convenience in subsequent 
discussiorj, the table has been amplified by the insertion of the atomic numbers 
of the elements as well as the atomic weights. The table is in its essentials, 
however, identical with that of Mendelceff. It contains 9 vertical columns or 
groups and 12 horizontal rows termed series or periods. Hydrogen is in a 
scries by itself. It possc.sses the properties of the elements of Group I in certain 
of its compounds, that of Group VII in others.* Following hydrogen come two 
short ‘periods of eight elements each, falling naturally into the eight groups 
from Group 0 to Group VII, helium to fluorine in the first of these two series, 
neon to chlorine in the second. Beyond chlorine, the ne.xt thirty-six elements 
fall naturally on the basis of properties into two groups of eighteen, the two 
first lonfi periods, argon to nickel in the first, krypton to palladium in the second. 
"J’hesc groups of eighteen show a variation from the two short periods in that 
three elements in each period, so called transitional elements, iron, cobalt, 
nickel and ruthenium, rhodium and palladium are grouped together in Group 
VIII. This arrangement was devised by McndeleefT as a result of obvious 
ilifliculties in placing them in other groups and by reason of their close similarity 
one to another. By the arrangement indicated, krypton ami xenon come into 
Group 0 with the other rare gases. The other members of the various groups 
fall naturally into the classification on the basis of similarity of properties. 
Mendoleefl’ arranged the remaining elemenis in three long periods in which 
there were many ga))s, but in which the similarity of chemical and physical 
properties jiroviiled a sure guide for allocation. It is now known, as will be 
later discus.sed in detail, that, following the sec()tHl period (d eighteen comes a 
longer perioil of thirty-two elements of which the initial element is xenon, the 
last clement jilatinum. This long period is succeeded by an incomplete frag¬ 
ment, seven in number, two of which are yet undiscovered, of which the initial 
ehmient is the emanation of radium, a gas of the rare gas type, and of which 
the lioaviest known element, uranium, is the last member of the series in so far 
as they have been discovered. The first long period of thirty-two elements 
contains a trio of similar elements, osmium, iritlium ami platinum, as in the 
groups of eighteen, these being assigned likewise to Ciroiip VIII. The rare 
earth elements are also members of this long period of thirty-two. 

The MemloleofT arrangemotit brings together, in one group, elements which 
liavc general family properties, physical and chemical, which vary gradually 
from first to last and which resemble one another more closely than do any of 
the other elements. This similarity and gradual variation suggests some 
common feature of internal construction or architecture. In the scries, or 
Imrizontal Hues of the table, there is a marked difference from member to mem- 
l)er in pliysicnl ami especially in chemical properties. Thus, for example in 
tlie matter of maximum oxide forming capacity, the variation of a series is 
from an element with no power of combination, the rare gas, through elements 
with respective oxides II 2 O, HO, IliOj, RO?, R^Os, RjOe, RjO? and in some 

' H*0—NiisO; HC'l“NaCl; LiCl—LiH. See: Peters, Z. anorg. u/(pcm. CAcw., 13!, 140 
(1923). BurdweH, y. CAcni. iSoc., 44 , 2499 (1922). 
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cases RjOs. Each scries, h(»\vcver, more or !(‘ss resembles tl»c series which 
preceded it, witli one proviso. In the long periods there arc two scries, the 
so-called ‘odd’ and ‘even’ series. Examination will show that the even' series 
4, 6 and 8 resejnble one another, 5 and 7 also, much more so than do the 'even’ 
series resemble the ‘odd.’ On tlie basis of indivisible atoms this factor receives 
no elucidation. It was merely observed and accept(Ml in tlie original clas.silica- 
tion. The explanation must be sought and, as will be shown, is found in the 
architecture of the atom. As observed above witli the oxides, tlie maximum 
state of oxidation jirogressively increases from hdt to right in a scries. It 
should be obscrveil also that the elements show a minimum valency in hydride 
formation, ri.sing from 0 to 4 as wc pass from a rare gas such as helium to a 
member of Group IV sucli as carbon. Beyond Group IV, h<)wever, tlie com¬ 
bining power falls as indicated by the compounds Nll.i, Olh, Ell. This faebir 
also lacked elucidation in tlie (iriginal formulation of the perimlic law. 

The Applicalione itf the Periodic Law: As pointed out by Mendeleeff the 
periodic law could be emjiloyed in. (1) The classification of tln^ elements; 
(2) The estimation of atomic weights; (.'i) The prediction of properties of un¬ 
known elements; (4) The correction of atomic weights. 

(1) In the ciaivsilioation of llie clrniciil.i ihi; iiftiodic nnaiifieiiKMil has never Is'etj sur¬ 
passed nor suiMjrscded. It i.> .-'flu a most useful and cuioenienl niediod of rla-sHifyiiiK the dala 
of inorgunie ehennstry uhellier of eleiuents or of coniis-unids. 

(2) MeiideleofT a.s.Mgned to indium :ui atoniK’ weight of ll.'h4 on (lie hiisis of Winkler’s 
value of .‘17.8 for the equivalent weiglif, tins makes indium torvnicml, wives it j)la<-e in (iroup 
III of the table between eadmiutn an<l Im, below Kallmin, wh(!r(! it his verv well. Speeifie 
heut ineubureinents of indium iiiihal eonfirmed the eoireelness of tbi.s assignment. 

(.3) Mendeleeff used the tal'lc to predict (be luoiiertaw of nii.s.sjng elimients in (lump 111 
and Group IV akm to lioron, ;iluiiiuiiuni and filanmm. 'I’he predictions eoncerning eka- 
borori, ek.a-aluniiniuni and eka-silieon weic al)UiHlantl.v justifieil and eoiilirmcd in the sulise- 
quent discoveries of scandiuni, gallium an»l geimanium resiieelively. 

(4) Mendeleeff predicted corieetions m the atomic weight,s of osniiimi, iridium and 
platinum which gave to them this older rather than that given by llio order of atomic weights 
accepted in 1870 which would have given platinum, irhliiini, osmium 'I’he im'ihhIic law has 
not, however, always been the sueees.sful guide in <‘orrections to accepted atomic weights u.h 
will now })€ discufwed. 

The Defects of the Periodic low: On pliiciiiu nlnnicnts in ( lie nrdnr nf iitomic 
weights two outstanding iinonialios presented tlioinselvcs to Mendeleeff. Tel¬ 
lurium, being assigned an atnniic weight greater than that of iodine, wouhi 
have passed into tlie lialogcn group, widle icjdine would Ijavc been placed in 
the oxygen, sulpiiur, selenium group. 'Tins would liave t)eeu an obvious in¬ 
version of the periodicity of properties. Since tlie atomic weight of iodine 
had been many times checked and rechccked, so that considerable certainty 
could be attached to its value, Mendelcell suggested that the atomic weight 
of tellurium must be wTong, tiiat tlie correct value would be between 123 and 
126 instead of the then accepted value of I2». Hence ensued a vigorous study 
of tellurium, its purity, purification and atomic weight determination. Efforts 
were made in abundance to .separate therefrom some constituent of liigher 
atomic weight which would have a position below tellurium in the 6th group. 
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All these efforts were fruitless, A multiplicity of methods of purification all 
failed to yield a tellurium of atomic weight lower than that of iodine. The 
exception did not nullity the periodic law. The wonderful truth and value of 
the periodic relation were abundantly evident. As a consequence, and until 
the reason for the anomaly should reveal itself, tellurium and iodine were 
assigned to those group positions to which their properties, chemical and phys¬ 
ical, indicated that they belonged, order of atomic weights notwithstanding. 

Cobalt (58.97) and nickel (58.68) were similarly misplaced on the basis of 
order of atomic weights. The .sequence from the standpoint of properties of 
the first three transitional elements is most certainly iron, cobalt, nickel, 
whereas the order of atomic weights is i-on, nickel, cobalt. Again, the presence 
of another element, ‘gnomium,’ was suspected. Again, intensive and pains¬ 
taking labors failed to reveal the element or reverse the order of atomic weights. 
Cobalt and nickel likewise remained anomalous. 

One other pair of misfits arose with the discovery of the rare gases by 
Ramsay. Argon of atomic weight 39.88, an obvious member of Group 0, 
was found to have an atomic weight greater than that of potassium, 39.10, 
again obviously a member of Group I. In view of these anomalies in the face 
of such overwhelming evidences of the approximate truth of the law in the 
majority of its details it is little wonder that Ramsay asked “Why this in¬ 
complete concordance?" The answer has emerged and in the unfolding of 
the mystery the student of chemical philosophy has much to learn. He will 
find an answer to the query of Ramsay. The incomplete concordance is 
evidence of the limitations to which many laws are subject, is evidence that 
the laws in question are but approximations to the fun<lamental law. The 
incomplete concordance is evidence of incomplete truth. The realization of 
this will bo valuable, for it will give to authentic exceptions to general laws a 
vital importance in the search for truth. Science is full of illustrations of this 
fact. The exceptions to the I.aw of Dulong and Petit were an index of the 
approximate truth only of the law. It will be shown later that they consti¬ 
tuted a sign post to a more fundamental law of the specific heats of elements 
of which Dulong and Petit’s Law is but a limiting case. Ramsay himself 
found in the anomalous density of nitrogen from air and from nitrogen com¬ 
pounds as determined by Lord Rayleigh the sign post to a whole group of 
chemical elements at that time unknown. The anomalies in the periodic law 
were the arrows pointing to the necessity of obtaining yet more fundamental 
truths concerning the nature, the architecture aud the periodic relationships 
of elemeptary matter. As the science progressed new sign posts appeared. 
The allocation of the rare earths to positions in the periodic table was a problem 
in itself of great complexity. The discovery of the radio-elements multiplied 
the difficulties of allocation. These difficulties gave to other less pronounced 
difificulties an added significance. Thus, for example, the problem of the odd 
and even series recurs. Copper, silver apd gold are distinct variants from the 
alkali elements. Gold cldoride, AuCL, seems out of place in the compounds 
of the elements of Group I. Iiead resembles thallium, mercury is similar to 
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copper. Magnesium behaves like manganese in some of its compounds. In 
the ultimate solution, such problems will find their elucidation. 

The Periodic Law and Electrochemistry; Faraday concluded that the laws 
of electrochenlical action which he deduced were consonant with the facts of 
the atomic theory. Subsequent researches of Grove, Clausius, Hittorf, and 
Arrhenius established that, in conducting solutions, the elementary constituents 
were present, not ns atoms, but ns charged ions. It is of interest to examine the 
nature of these postulated ions in terms of the MendeleelT cla.ssilicnlion. In a 
simple solution of an electrolyte, say of sodium chloride, the ionic theory postu¬ 
lated the presence of positively charged sodium ions and negatively charged 
chloride ions 

NaCI -p (IQ — Nuo^' -f- C'laj. 

With an electrolyte such as barium chloride the solution contained barium 
ions with a doubly positive charge and twice the number of singly charged 
negative ions 

BaCIi -b a? = BaJ/ -t- 2CI„. 

With sodium sulphide on the other hand the opposite distribution of charges 
was postulated 

NajS -b a? = 2Naj, -b S,,','. 

Similarly, aluminium chloride di.ssociatcs thus: 

AlCh + (ui= AI+/ '■ + .■ici;,. 

In terms of electrochemical theory, therefore, the elemerits of Group I yield 
univalent positive ions, Group II divalent positive ions. Group III trivalent 
positive ions. Group VII contains the elements yielding univalent negative 
ions. Group VI elements yielding divalent ions, Gnjup V the trivalent negative 
ions, though these are rare, On the left of Group IV are to he found the pro¬ 
nouncedly electro-positive elements, to the right the more pronouncedly 
electronegative compounds. These facts are of imixntance in the ensuing 
development of atomic structure. They provide a background from which to 
approach the newer ideas. 

Atomic Structure: The atomic theory of Dalton provides, as has been shown, 
a satisfactory basis for the laws of chemical combination and the atomic weight 
provides a useful, if not completely satisfactory, basis for the classification of 
the elements. The eoncept of definite and indivisible atoms, of different weights, 
could not, however, be the ultimate solution of the problem of material struc¬ 
ture. It provides no answers to a variety of problems. The difference in 
chemical properties between two atoms, say hydrogen and oxygen, can never 
be satisfyingly relegated to a simple difference in weight. Wherein does the 
difference in weight lie? What factors determine the weight difference? 
Furthermore, a number of physical and chemical properties of elementary sub¬ 
stances cannot be explained upon any basis of weight variation of ultimate 
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indivisible particles. The varying valence of the different elements and also 
the varying valences of a single element remain entirely unexplained on the basis 
of the .simple atomic theory. The spectral differentes among the elements are 
likewise unexplainable. As has already been emphasized, the Similarity and 
periodicity of properties, both physical and chemical, is the strongest possible 
evidence that like elements must possess similarities of architecture not en¬ 
visaged by a theory of indivisible atoms. The inadequacies of the periodic 
system of classification are further sign posts indicating the need for further 
cxploriition of the composition of the inilividual atoms. Dalton had a glimpse 
from whence progress might come, for in his address to the Royal Society, 
upon receiving the Royal Medal he stated: 

“Tlic euiiso.s of chemical chanRe are as yet unknown, and the laws by -which they are 
Roverned; hut, in their connexion with electrical and magnetic phenomena there is a gleam 
of light pointing to a new dawn in .science,” 

The Electron: It is of interest to note that the development of the concept 
of atomic structure commenced when the concept of atomic electricity re¬ 
ceived its first quantitative study. Faraday’s experiments on the conduction 
of salt solutions are the first experiments indicative of discreet units of electric¬ 
ity. (1. Johnstone Stoney in an address before the British Association in 1874, 
published in 1881,' definitely emphasizes this fact. 

“Nature presents us with a single detinite quantity of electricity which is independent 
of the particular liodic.s acted on. To make thi-s clear, I shall exprcs,s Faraday’s Law in the 
following terms, which, ns I shall show, will give it precision, viz.: For each chemical bond 
which is ruptured within an electrolj te a certain quantity of electricity traverses the electnr- 
lyte which is the same in all caee.s." 

Helmholz in the Faraday lecture at the Royal Institution in 1881 emphasized 
the same point of view: 

" Now the most startling result of Faraday’s Law is perhaps this, if we accept the hypoth¬ 
esis that the elementary substances are composed of atoms, wo cannot avoid concluding 
that electricity also, positive as well a.s negatix c, is divided into definite elementary portions 
which behave like atoms of electricity.” 

G. Johnstone Stoney, 1891, gave to the ‘ tiatural unit of electricity,’ thu.s defined 
in reference to Faratlay’s Law, the name ‘electron.’ Faraday’s Law, however, 
was not sufficient to establish the atomistic concept of electricity. It applied 
only to solutiotis of electrolytes. Metallic conduction w’as still discussed in 
terms of ‘ether .strains' and ‘continuou.s homogeneous fluids.’ The proof of 
atomic electricity did nut come until the mechanism of gaseous conduction had 
been studied and the properties of gases acted upon by X-radiation and radio¬ 
active materials had become familiar. 

The experiments of J. J. Thomson and his collaborators at the Cavendish 
Laboratory, Cambridge, England, supplied the original information in this 
field. Gases treated with X-rays were found to be conducting. The conduc¬ 
tivity thus induced in a gas was caused by an agency which could be removed 

' Pha. Mae., (5) U. 384 (1881). 
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by filtration through glass wool, by passage of the gas through metaj tubes 
or between plates maintained at a suflieiently large potential difference. The 
conductivity was therefore due to electrically charged particles. More de¬ 
tailed knowledge of the nature of the charged particles was obtained by a 
study of the conduction of electricity through gases at low partial pressures. 
When currents at high potentials are discharged through ga.ses at pressures of 
about 0.01 mm. or lower, charged particles or corpuscles are shot off from the 
cathode. These particles, first investigated by Kir Win. Crookes, and called 
by him the ‘fourth state of matter,’ have properties the study of which led 
eventually to an appreciation of their importance in atomic structure. The 
cathode particles were shown to have the following properties: 

(1) They travel in .straialit tines tinrmtll to the eatlioilr aini east shadows of ot)iit|ito 
olijects placed in tlictr imtli. 

(2) They arr ciipiililc nf intuluoiiin mcclifiiiiciil jiidI khi 

(3) They produce phospliore.-acouce in iniiny olijet ls oxposcil Id llini iiclinn. e«., l»lii«' 
pliosphorcscfiiee in lend 

(4) They produce a ^l^(• in jempeniture in olijccis winch tlnw Kirike. 

(5) They may lie dcHccled, by (‘IcctroinaKnctic :m<l elcctrostiUic lic!d>. from their iiormul 
rectilinear paths. 

(<>) The charge Cfirncd liy the p:lrtlclc^ ncitafnc Mnc«“ (lie.\ clcftiify ncRntively iiisii- 
liited metallic I'lectrodc's upon whicli they fall 

(7) They ma> penetrate (hui 'heels nf nif'lal, tlic slD|>puiC power of llni iiH'tal varying 
directly with the tluckncKs of the nn tal and with iN ilcnsily. 

(8) They act as imclci for the cDiKicnsalKm of Mipcrsatiiralcd vapors. The foKS tlius 
formed arc useful as a means of rcixlciim: tlie pailicics \ I'llile. 

(9) The partK'les were idcnlical m naluic an<i m (he ralm of <‘hatK(‘ carrieil to mnss of the 

particles. irrc«ptf/N-c c/Me/mPocc/M. i. Ihr <h^<hom, This ic|,rc.-,ented the 

first definite indication fiial the >olh<ul, po,(,<h s ici n inommon emsUhu n! of all ahtm. 

The Velocity of the Cathode Particle: The velocity nf the particle cun 
1)0 (letcrinined hy nieusuriti^!; ilu‘ (iisplucenient efft'cted hy kiinwii electrnstutic 
iuni eloctroiiijitiiietic fields imi u line peneil ef cutluide purtieles. Sncli u ptnieil 
nf particles inipingiiiK on a phnsjilioroscent screen may be located by the phos¬ 
phorescent spot pnxluced. If a stroiif? magnetic licld II be applied to such a 
pencil of rays (hey will Ite delleeted from tiieir rectiiim'ur piitli. Tlie force 
exerted by the field // on :i parliele eurryiiiK a clnlr^^e r, niovinn with a velocity 

will be //«’. .\t oiinilibrmm. Ihis force will bo eiiuai to the centrifugal force 
of the moving particle iicting outwards along its radins of cnrv.utnre, r. There¬ 
fore, if the mass of the ptirticle be w, the following relation holds 



r 


Since II and r arc both measurable it follows that the ratio mvjr = Hr can bo 
determined. Now, by .superposing on tiic pencil of cathode particles thus 
magnetically deflected a suitable electrostatic field X, the pencil may be 
restored to its original roctilnieur path. In such case, by etjuating the elec¬ 
trostatic and elcctronnignetic forces in\'olved, there follows 

Xc = Ilev 
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whence v may be determined from the known values of X and H. Hence also 
the ratio e/m may be obtained. 

By removing the electromagnetic field, a fugther cheek upon the value of 
c/m may bo obtained. The electrostatic field deflects the corpuscles from their 

normal rectilinear path. The downward acceleration ( = —® ) produced 

\ mass / 

by the action of the electrostatic field is Xelm. The distance through which 
the particle will fall in time (is 

^ IXeP 
0 = - ' 

2 m 

Now ( = Ijv where I i.s the distance travelled by a particle of velocity ii. Hence, 
the vertical displacement, d, as revealed by the change in position of the phos¬ 
phorescent spot is given by 

d= 

2 m r’ 

Since d and I may be measured, X is known and v deduced as indicated above, 
it is possible to calculate e/m from the equation 

m XP' 


By these methods Thomson was able to show that the ratio e/m was con¬ 
stant for all cathode rays, irrespective of the nature of the electrodes or the 
nature of the residual gas in the discharge tube for all velocities of travel not 
approaching the velocity of light. The average value of v was found to be 
2.8 X 10* cm. per second. The value of e/m in such discharge tubes was 
approximately 1.79 X 10* cicctromaguetic units. This may be compared with 
the ratio of e/m for a hydrogen ion. It was known that the charge carried by 
such an ion is 4.77 X 10'” electrostatic units. The mass of a hydrogen ion is 
1.64 X lO"** grams. Hence in electromagnetic units, the charge e/m for a 
hydrogen ion is 

4.77 X 10"'“ 

■ ' = 0.97 X 10* electromagnetic units. 

1.64 X 10"'* X 3 X 10'" 


For the cathode particle therefore the ratio c/m is approximately 


1.79 X 10' 
0.97 X 10* 


= 1845 times 


greater than that for the hydrogen ion. It is apparent that one of several 
factors may account for this: (1) either the charge on the particle is some 1845 
times greater than that on the hydrogen ion, the masses being identical, or (2) 
the mass of the particle may be 1/1845 of the mass of the hydrogen ion and the 
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charges identical or (3) the cathode particle may differ in both charge and mass 
from that of the hydrogen ion. It will now be shown that the charge of the 
cathode particle is identical "with that of the hydrogen ion and that, therefore, 
the mass of ths cathode particle is approximately 1/1845 of the hydrogen ion. 

The Charge Carried by a Cathode Particle: The earliest efforts to deter¬ 
mine e were made by Townsend,' J. J. Thomson’ and H. A. Wilson.’ Townsend 
produced his charged particles by electroly.sis of solutions at liigh current 
densities. The gases thus evolved contain a small fraction of the molecules in 
the cliargcd condition. When these charged gases were bubble<l through water 
they formed a cloud or fog which could be discharged by bubbling through 
concentrated sulphuric aciil. The removal of the moisture in this manner 
did not entirely destroy the charge on the gas. Repetition of the procedure 
wouidjtive new clouds. Townsend assumed that the number of ions was the 
same as the number of fog particles, lie determined the total electric charge 
jier cubic centimeter carried by the ga.s. He determined the total weight of 
the cloud by absorbing the water in .sulphuric acid. He found the average 
weight of the water droplets by observing their rate of fall under gravity, 
computing their mean radius by the application of Stokes’ law, 

2 qr-U 
e = - ' , 

9 !) 

where v is the velocity of fall of a drop of water of radius r and density d, 
falling through a gas of viscosity i), under the acceleration of gravity g. From 
the.se data Townsend computed the number of droplets, assumed etpial to the 
number of ions, and hence the iiverage charge carried by each ion. His mean 
determinations gave c = 3 X 10 '" electrostatic units. 

Thomson’s method was .similar to Townsend’s but utilised the observation 
of C. T. R. Wilson that the sudden expansion and conse(|uent cooling of the 
air in the ionization vessel gave a convenient method of producing the cloud 
formation. The ionization was produced by means of .\-rays which give rise 
to negative particles or ions and positive particles which arc the residues from 
which the corpuscles have been removed. By adjusting the degree of supersat- 
uration, condensation may be confined to the negative particles as was 
demonstrated by II. A. Wilson. Thomson obtained his measurement of total 
charge carried by the cloud by determination of the current carried by the 
cloud under the influence of a weak electromotive force. 'Phomson weighed 
the cloud produced and utilized Stokes’ Law as in 'Townsend’s work. As a 
final value for e Thomson gave e = e..5 X lO"" (1898). Later work * with 
radium as the souree of ionization gave him the result 3.4 X 10”‘“. 

Thomson’s mode of experimentation was modified by H. A. Wilson who 
studied the rate of fall of the cloud under gravity alone and also under the 

' Proc. Camb. Philos. Soc.. 9.1144 (1S97). 

■PAii. Jl/og., 46, .'528 (1808). 

■ Phil. Mag., S, 429 (1903). 

‘ Phil. Mag., (6) 5 , 354 (1903). 
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CHinbined action of gravity and an electrostatic field. The ratio of the veloc¬ 
ities, Vi and » 2 , under gravity alone and with the combined action of gravity 
and an electrostatic field X is given by the equation 

I'l rag 
1)2 mg -1- Xe 



and eliminating m by the expression lit = 4/3 r’d, Wilson obtained the expres¬ 
sion 


jx d'« 


Vi 


1/2 


This yielded for e a mean value of 3,1 X lO"'” electrostatic units. The devia¬ 
tions were comsiderable, the extreme values being 2.0 X 10'") and 4.4 X 10"'" 
K.S.U. Wfilson’s method eliminated the assumption as to the equality of the 
number of droplets and the number of ions. It involved the as.sumption, 
however, that successive clouil formations gave equally sized droplets, an 
a.seumptioii which later work by Millikan could not be found to sustain with 
any certainty. 


Miliikaa’.s fir.st work with lioaoman win cssoiitiully a repetition of the H. A. Wilson 
method u.Himt radium as the ioniKiriK iiKOnt and a -1000 volt storage battery to eharge tlie 
plates. The resnlls were more consistent than Wilson’s and gave as the mean of the olisor- 
vations, vary nig betwei-n d.tlO X lO '" and -l.-’t? X 10'"i, a value c = 4.06 X 10"*“ E.S.U.' 


Millikan’s ‘halntiml-driiii' mdhoil. ’ This represents a distinct advance 
on the. It. A. Wilson method. To eliminate errors due to evaporation, Millikan 
planned to use a sufliciently strong field, to b,-dance exactly the force of gravity 
on the dro[ilcts and thus maiutiiiu the top surface of the cloud stationary. 
Without attaining this object, he succeeded in the more important task of 
studying the behavior of indivitlnul drnplds. He found they could be held 
suspended iti the field from 30 to 60 seconds; that they carried multiple charges 
varying between 2(’ and Or. These charges were all exact multiples and there¬ 
fore reveal positively the unitary nature of electricity. The ionized cloud 
after formation between the plates was subjected to a given potential gradient. 
This removes all of the cloud particles with the exception of those which have 
the right ratio of charge to mass to be held in suspension in the field. Ob¬ 
servations on these droplets were made with a telescope in the eyepiece of 
which three cquaily spaced cross hairs were placed. .4 small section of the 
space between the plates was illuminated by a narrow beam of light suitably 
freed from its heat rays by three water cells in series. The cross hairs were set 


> Phv». Rn., 26 ,198 (1908). 

» Phil. J/ng., le, 209 (1910). 
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near the lower plate and aa soon as a stationary drop was found somewhere 
above the upper cross hair it was watched for a few seconds to make sure that 
It was not moving. The field fras then thrown off and the plates shortoircuited. 
The drop was then timed in its fall by means of a stop-watch ns it passed across 
the three cross hairs. It will be seen that this method furnishes a check upon 
evaporation; for, if the drop is stationary at first it is not evaporating suffi¬ 
ciently to influence the readings; if it begins to evaporate before the readings are 
completed, the time required to pass through the second space should bo greater 
than that required to pass through the first space. In general this was not the 
case. 

The preceding equation of the Wilson method, applieil to the balanced 
droplet, assumes the form 

c = 3.422 X I0-* - 


For, in this case, X is negative in sign, since it opposes gravity, and v, = 0. 
The constant 3.422 X I0-"> was elioscn by Millikan as most accurately rep¬ 
resenting the terms in the Wilson eiiuation involving the viscosity of the me¬ 
dium and the density of the droplets. Prom these determinations, Millikan 
andTse ^ 10-»K.S.U.,withextreme values of 4.87 X 10- 

MiUikan’s Oil Drop Method:^ This later method of Millikan’s represents 
the mo.st accurate method of determination of the unitary quantity of electric¬ 
ity disclosed by the previously mentioned investigation. A diagram of this 
apparatus is appended. The droplets investigated were introduced into the 



chamber 0 by means of the atomizer A in the form of a finely divided spray. 
Eventually one of these droplets finds its way through the aperture, p, into 

'Pkpi. Ra., 2, 143 (1913). ' 
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the space between the condenser plates, M and N. The hole p is then closed 
and the air between the plates ionized by a source of X-rays, X. Illumination 
is secured from the arc lamp, a, the heat ra.ys being removed in filters w and d. 
The motion of the illuminated droplet is observed through » microscope fitted 
with an engraved scale. Hy collision with ions of the air the droplet acquires 
an electric charge, and then moves between plates M and N in a direction 
governed by the sign of the acquired charge and with a speed indicative of the 
sign of the charge carried. By reversal of the sign of the charge on M and N 
the direction of motion of the droplet can be reversed. In this way the droplet 
could be kept travelling back and forth between the plates. As a mean of 17 
determinations of the times which the droplet re(|uired to full between two 
fixed cross hairs in the observijig telescoi)e, whose distance apart corresponded 
to a distance of fall of 0..o222 cm., a value of seconds with a maximum 

deviation of ± 0.2 sec. was obtained. When rising under the influence of an 
electric field produced by applying a potential dilTerence of .aO,")! volts, the 
sncce.ssive times required varied in llie following way 12..'), 12.4, 2I.,S, 31.,S, 
<S4.r>, .St..'), S;)..'), 34.fi, 34.,3, Ifi.O, 31.,S, 34.fi, 21.0 seconds. It will be seen that, 
after the second trip up, the time eliiingc<l from 12.4 to 21,,S, indicating, .since 
in this case the drop was positive, that a negative ion had been caught from 
the air. On the next trip another Jiegative ion had been caught. The next 
time, 84..'), indicates the ciq)ture of still another negative ion. From the 
equation 


O _ m,ig 
Vi Xe — m,K! 


or C = „ (Cl -f 1’;), 
Xvi 


where nij is the mass of the <lroplet, it follows that the change in velocity 
produced by the acquiring of an extra charge can be given by eliminating mj 
and solving the equations thus: 


(«) 


(« 


{ = 34.S secs, against gravity »i -f- Vi = 


t = 84,5 secs, against gravity iq A- Vi = 


/ 0.5222 0.5222 \ 

\ 13,595 '^ 34.,8 / ’ 
/ 0.5222 0.5222 \ 

\13..5!I5"^ 81.5 /’ 


The time dilTcrcnce between (ft) and (6) is 


0.5222 




O.OOSOl cm. per second. 


In this manner it wa.'=! shown that successive captures of an ion effected chauRcs 
in the velocity of rise against gravity respectively equal to 0.008912, 0.008911, 
0.008903, 0.008883 and 0.0089IU cm. per secotul, all of which are within l/5th t)f 
1 per cent of the mean value of 0.00891 cm. per secoml. This therefore repre¬ 
sents the change in the sum of the speeds c, and r; caused hy the capture of 
one ion. Relationships of this sort were found to hold absolutely without 
exception, no matter in what gas the tlroplets had been suspended or what sort 
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of droplets were used u))()n’ whicl) to entcli tlio ions. Kxperimenis were con¬ 
ducted over five or six liours, hundreds of ions per droplet were cnuglit ninl 
recorded by the eluitige of speed. Here (hen is direct proof that the electrical 
charges foiunl on ion'< all liave exactly (he same vabie or else small exact 
multiples of that value. This i" the most conclusive proof (d the ‘atomic’ 
structure of eleetricify 

From the jm'ceding eijuatioh, with the data obtained in this stmly of the 
behavior of the oil droplet'', accurate valuer for the ratio could be <le- 
duced. T(» ol)tain the inagjiitiide of (lie unit charge r it, was necc.ssiiry however 
to determine the ma-s of th<‘ drophd loir this purpose Stokes’ Law could be 
employed to determine the radius and tlierefore the volume ami mass of the 
droplet. To attain in th(^^e calculations tin* saim* high degre<' of precision 
winch wa> obtained in th(‘ \elocity determimitions just reconhal, Millikan 
found it m'ce'-sary to make an in\(‘>ligati<Mi into the limitations of Stokes’ 
Law willi variation in the medium and with variation in the droplet size. On 
completion of ^lli^ study, whieh re\ealed th(‘ nc<-('>>ify of eorrecting Stokes’ 
I.aw for inliomogeneitie' in Hu* iiiedimn a eorn'ction uhieli w.as finally Jiiaili* 
as an empirical funelioti of the ratio of the mean fie<‘ path of tin* ga^ molecnies 
of the medium, /. to tin* radius of the droplet r .Millikan derivcMl a corn'eteil 
form of the Stoke^’ eipiation from uhich the ra<iius of (he droph't was deter- 
miiKM), 

'■-iiv ■'!) 

in which tl,t i-^ the (h'n''ity nf Ihc ilrnp, that of IIk' in(‘ilintn, .1 ;in cinpirlciil 
cnnstnnt, Ihc oilier Icnii' Inuiin; Ihc miimc Mi'iiilicnncc ns (;i\cM previously, 
In Ihi.s ninnnci, Ihc nniKnilinlc of i wns liniilly ohlnincil willi n ilcurcn of pre¬ 
cision oinhodicd in the follounp' c\pi'cs-ioii. 

I = 1,771 ± (I0I),7 X 10 


The Avogadro Constant: The dctcrniinntion of c nitli the di'Ki-oe of pre¬ 
cision herein imiiciited gives ;it onre n most vnliinhie nielhod of ev,nlnn(ing the 
.‘Vvognilro consfnnt, (lie niinihi r of molecules in one grnrn nioleiniio of any giis 
iindor stnnilard conditions of temperainre ,and pressure. This is readily .ncliicved 
liy combining tliis value of c nilli Unit olilnincd in cleciroclicinical work for 
(lie value of tlie Faraday, llie (piaiitity of eleelricity necessary to lilierate one 
gram ion of n monovalent element in eleelrolysis, Uy iiilernalioiiiil agreement 
it has been decided tlial the .atoiiiie neight of silver is J07,SS and flic unit of 
electricity expres,sed in eiectidmagiielic units lias been ilelined as llio iinnmnt of 
electricity whieh will deposit from a sIIvit solution (I, I ITS gram of silver. 
The value of the Faraday is Iherefore 


U)7,NS 
11,1 ITS 


= (1(17)0 elcclro-magnetic units 


or, in electrostatic units, llti.jO X 2,1111(10 X 10'" IC,S,U, This cpmnlity i,s equal 
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to the elementary charge, e, multiplied by the AVogadro number N. Hence, 

4.774 X 10-"N = 9650 X 2.9990 X 10”> 
or 

N = 6.062 X 10“ 
the precision of which is given by the expression 

N = (6.062 ± 0.006) X 10“. 

The Mass of the Hydrogen Molecule: Given N, the Avogadro number, 
the ma.ss of the hydrogen molecule is obtained from the molecular weight of 
hydrogen by simple division. The mass of the individual molecule becomes 

—- — = (3.324 ± 0.004)10“’* gram. 

6.062 X 10“ ^ 


The Mass of the Electron: Millikan’s work establi.shed the identity of 
the charges on an electron and a monovalent ion. It is evident therefore that 
the masses of the hydrogen atom and the electron must be in the same ratio 
os the respective ratios e/m and El,^|M„+ bear to one another. As has already 
been shown, these ratios are in the ratio of 1 to 1845. Hence the mass of the 
electron becomes 


1.662 X 10-’* 
1845 


= 9.0 X 10-“ 


grams. 


It should be observed that this mass applies only to such electrons as are mov¬ 
ing slowly relative to the velocity of light, which is true of electrons produced 
in the experiments on the discharge of electricity through g.ascs. As the veloc¬ 
ity increases, the ma.ss becomes correspondingly greater; when the corpuscle 
attains the velocity of light its mass, theoretically, is infinite. Swiftly moving 
particles, products of radioactive decay, are known with over 90 per cent of 
the velocity of light, and the variation of the mass of the negative electron 
with speed agrees accurately with the rate of variation computed on the as¬ 
sumption that this mass is all of electromagnetic origin. 

Mechanism of Ionization of Gases: The early work of Townsend, pre¬ 
viously discussed, together with his measurements on the diffusion coefficients 
and the mobilities of the gas ions produced in his experiments, led him to the 
conclusion that both positive and negative ions carry unit charge. Some later 
data of Townsend suggested that the positive ions were possibly doubly charged. 

Experiments of Franck and Westphal,* analogous to those of Townsend, 
led to the conclusion that all the negative and the majority of the positive ions 
carry unit charge. A small fraction,, about 9 per cent, of the positive ions 
appeared to be doubly charged when X-radiation was the ionizing medium. 
With a, (3 and y rays from radioactive sources they found no evidence of doubly 
charged ions. 

^ Verh. deutsch. phya. Om., March, 1909. 
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Millikan and his co-workers have repeated the studies of the mechanism 
of ionisation, employiiiR tlie technique developed in the work detailed in the 
preceding sections. The conclusions to which this study led may be summarized 
in the following Way: • 

(1) The action of ionization by /i-rays seems to consist in the release, 
without any appreciable energy, of one single electron from an occasional 
molecule through which the /S-ruy passes. The faster the /3-ray the less fre¬ 
quently does it ionize. 

(2) The act of ionization by X-rays or light seems to consi.st in the hurling 
out, with an energy that may be very large, but which depends on the fre¬ 
quency of the ether wave, of one >iingle electron from an occasional molecule 
over which this wave passes. 

(3) The act of ionization by rapidly m(>ving o-particlcs consists in the shak¬ 
ing loose of one single electron from the atom through which it passes; a slow 
moving positive ray appears in some cases to be able to detach sevend electrons 
from a single atom. 

This Ia.st conclusion is abumlantly verified by the recent studies of J. J. 
Thom.son and of Aston on the positive rays. Mass-spectrographic data reveal 
abundant evidence of multiply-charged a(«jniic masses. 

Ionization may result from chemical nctimi ns w(‘ll as by means of the phys¬ 
ical agencies already considered. There is a growing body of evidence indi¬ 
cating the pre.sence of ions in reacting gaseous systems, persistent even when 
exce.ssive precautions to exclude ion-producing mechainsms of a physical 
nature arc excluded. Pinkus has reported * ionization in certain gas reactions. 
Ilecent work by Brewer and Daniels’^’ demonstrates ionization in the interaction 
of nitric oxide and oxygen, a reaction for which Pinkus previously obtained 
negative results. Tlio later work indicates definite though small ionization, 
of the order of amperes for the oxidation of oO cc. of nitric oxide per minute 
reacting in a field of 450 volts j)er cm. Tins c(»rrespon(ls to about one ion for 
every million njolccules reacting. 

This evidence, therefore, points undoubtedly to an atomic architecture 
in which the neutral atom is built up of negative electrons and positive rests 
or nuclei. 

Size of the Electron: Assuming that tlic mass of the electron is entirely 
of clectronjagnetic ()rigin, the size of the electron can be calculated from the 
equation 

2 c* 
m = —» 

3 n 

which relationship connects the mass, m, with the charge e carried by a sphere 
of radius a. Solving this ecpintion for a with the accepted values for m and e, 
the radius of the sphere over which the mass must be distributed proves to be 

a = 2 X 10"“ cm. 

‘ Millikan, The Electron, pp. 140, 141. 

3 J. Chem, Phys., 18, 366. 412 (1920). 

* Traru. Am. EUctrochm. Soc., Oct. 1923. 
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It is of importance to note that this is an entirely lower order of magnitude 
than the atomic radius which approximates to 10~* cm. (?ee Chapters III 
and V.) 

Size of the Positive Nucleus: Tlierc is no direct experiihental justifica¬ 
tion for the assumption that the mass of the nucleus is entirely of electro¬ 
magnetic origin. If this were so however, it is evident that, since the muss, 
VI, of the hydrogen nucleus is 1845 times as large as that of tiic electron, the 
radius a of a hydrogen nucleus, with the mass assumed to be of electromagnetic 
origin, would be 1/1845 tiiat of the electron or, approximately, 1 X 10"‘® cm. 

From those considerations, it is evident that tlie hydrogen atom would 
consist of a minute speck of positive electricity relatively remotely distant 
from a negative electron, 1845 times larger In radius, these two charged specks 
occui>yiiig positions wiiliin the atom the linear dimensions of which would 
be respectively about 1 X 10 ** and 2 X 10"’ of that of the atom. The hy¬ 
drogen atom therefore could literally be said to be two tiny specks of charge 
in almo.st an infinity ()f space. 

Proof of the minuteness df the atomic nucleus is obtainable by a study of 
the tracks of a-particles and i^-parlieles through gases. Photographs of such 
tracks arc obtainable, for thi^ gas through which the particles travel is ionized 
and tlie ions may be rendered visible by the condensation of water vajior upon 
them.* Study of ))hotogra))hs so obtaiiuMl shows that a (j-particlc may pass 
through as many as 10,000 atoms before it comes near enough to an electronic 
constituent of any of the atoms to tlctach it from its system and form an ion, 
a circumstance which indicates the relative freedom of the atomic space from 
such electronic constituents. Furtliermon*, a iiarticlos, owing to their groat 
mass relative to the electron (approximately 7000 :1), are uninliuoncod by the 
electrons with which they come in C(Uitact. They may however be .stopped or 
<lc(lectcd by the more massive positive nuchd of tlic atoms through which 
they pass. Pludographs revexd, however, that, on an average, an a-partiele 
goes through 200,000 atoms without approaching near enough to the nucleus 
to sulTer appreciable (leflocti(»n. The conclusion .seems inescapable therefore 
that the positive nucleus is also but a minute fraction of the total atomic 
volume. 

The Nuclear Atom: The facts thus ascertained with regard to the coiiijio- 
nents of the atom have led Hnthorford to the formulation of the nuclear atom 
theory.* According to Rutherford an atom consists of a heavy minute positively 
charged nucleus surrounded by electrons probably situated to the nucleus 
somewhat as the jdanets are situated to the sun. The number of electrons 
outside the nucleus is equal to the not positive charge on the nucleus. 

Rutherford,- CJeiger and Marsdeu^ by studies of the deflections suffered by 
a-partic!es in ])assing through various metal foils were able thence to calculate 
the number of free positive charges on the metal atoms through which the 

' ('. T. Wil.Hon, Pruc. Cnntb. Phil, Soc., 9. (1S'J7), Pint Miiij., 7, fiSl (I9(M). 

'Phil. Miiu.ll. (1911). 

’ Phil. Mag.. 25, 004 (1913). 
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a-particl(*s ptiNscd. They concludntl tliat tlu' number of free positive chargt's 
was approximately e(|ual to half the at(unie weight. This eonelusiou was in 
striking agreement with earlieV work by Itarkhd on the scattering of X-rays. 
This work indicated that, itj each atom, the nuinlier of .''Cattering centers, 
namely, the electrons, was approximately ecpinl to one half tiu' at«imic weight. 
Kvidence, Iherebue, was available with both positive and m'gativeiy charged 
portions <if the atom as to this rejati<Miship between atomic weight and electrical 
charge. 

The Atomic Number: The actual count, witli pn'cisioii, of the extra- 
nuclear electrons in elementary subst.ances was accompIisluMl by Moseley, 
1914.* The suggestion of l.aue, 1912, that the regular spacing of atoms in a 
crystal couhl he utilized, on the priuciph; of a grating, htr the analy.sis of short 
wave-length (‘ther waves, had Ix'cn translated into actual practice hy the 
Braggs,' an X-ray s|)ectrometer <le\ise(l ami the wave lengths of various 
X-rays dctcrmim'd. Moseley, m l!)l I. utilizing a wide varietv of elements as 
targets in the X-ray hulh. found that, in addition io general X-radiation 
which all emitted, each ehmient emitted .\-radiations characteristic of the 
given elemeiit. .\b)seley showed that th(‘ .''<|Uan‘ root of the frecjuency fin- 
\ei>e wave length) of a gi\(Ui series of the chara<'teri''tic .\-ray spectra of tin? 
elements constituted an arithmetical jirogressioii; the oialer of increasing 
fri'quency was that of the elements arrang<‘d in th(‘ order of their atomic 
weights with conspicuous and signilicaut (Aceptions. \ missing <‘lement in 
the periodic order ga\e a missing st<‘[> in the increment of the s(piare root of 
the fnspiency In tin* whole s(‘rn". of elements ranging from hydrogen — 1 to 
uranium = 92. five •^uch gaps wen* found indniatmg that five elements were 
still unknown in this interval, (hie (»f tln‘s(‘, Xo. 72, has siiici’ been fouml 
((Vltium-Hafniinii).' Since the X-ray freipu'iicies involved in Moseley’s 
investigathuis an* jirohahly dm* to vibrations arising from eh'ctrons proximate 
to (he nucleus, the ad<li(i\ity of (in* xpiare-root of (In* fre<|ueney, observed by 
.Moseley, indicates or suggests (bat tin* cliarge on (In* nucleus in a given <*Ic- 
inent diiTcrs from that of tin* nucleus of the jireceding (‘lement in the perhniio 
classification by a constant and detinili* charge. 

Radioactive Disintegration and Atomic Structure: Confirmation of tins 
conclusion from Mosi'Iey’s work came from study of radioactive decay in its 
relation to periodic classification. As knowledge of the properties t>f the ele¬ 
ments formed in the successive stages of iiulioactive (h'cay hccairn* more com¬ 
plete, it emerged that (lie loss of o:-particl(*s and ^f-particles by a radioactive 
element correspomh'd t<ia deliniti* shift of tin* group chi.ssification of the (!l(“ments 
produced in the pniee.ss of decay 'I’hc loss of an «-particlc in evcri/ case pro¬ 
duced a shift, two groups to the left in the periodic table. Thus Radium 
(Group IJ) loses an a-particli* to give Itadon (Ha. Kmaiiation) Group 0. 
Similarly loss of a |ti-particl(3 gives rise to a shift of one group to the right in 

'Phil. Mao., 21, OIS {Hill). 

^Phl. Mag., 26. 1024 27. 7o;i {PJll). 

^ X-ruys and Crynlul Structure. 191.'). 

* For a Huniniar.v of tlic <lis<'iis.siMn coiiiu'riiiiiK No. 72 s<‘o. Chnn. ntul Iml., 42, 7hI (192:1). 
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the periodic table. The change of Radium B, Group IV to Radium C, Group 
V is one illustration of such change (see, in addition, Chapter XXI). This 
important generalization is shared by several investigators: notably Soddy,‘ 
Fleck,* Russell’ and Fajans.’ Now, since the a-particle is a helium nucleus 
carrying a double positive charge and since the ^-particle is none other than 
an electron, and since, moreover, these particles are certainly ejected from the 
nucleus, it follows that the difference between the nuclei of successive atoms 
in neighboring groups of the periodic table consists in the extra unit of posi¬ 
tive charge which the heavier nucleus possesses. The atom itself being electri¬ 
cally neutral, it therefore follows that the extra-nuclear electrons must increase 
by one as the atomic table is ascended. The progressive variation in the square 
root of the frequency of the characteristic X-radiation as discovered by Moseley 
is therefore paralleled by a progressive increase of net positive nuclear charge 
and of extra-nuclear electrons. 

Upon this basis, the assumption is natural that the hydrogen atom consists 
of a proton or unit positive charge of mass = 1 and a negative electron. The 
helium nucleus on this basis will be composed of four protons with two nuclear 
electrons giving the nucleus a net positive charge of two, requiring two extra- 
nuclear electrons to complete the neutral atom. Similarly, lithium nucleus will 
have net positive charge of 3 with three external electrons, beryllium will 
have 4 such, boron .5, carbon 0, nitrogen 7, oxygen 8, fluorine 9 and so on.. To 
the net nuclear charge or, what is the same thing, to the number of extra-nuclear 
electrons as revealed by the Moseley invcstigatioiw, the term atomic number 
has been assigned. In the periodic clas.sirication given in a preceding section 
the atomic numbers of the elements have been given in addition to the atomic 
weights. 

The Atomic Number and Defects in the Periodic Table: It was shown 
that on the basis of weight classification certain definite transpositions of the 
elements would occur which would not be in harmony with the periodicity 
of properties shown by the bulk of the elements when arranged on a weight 
basis. The transposition of argon and potassium, of tellurium and iodine and 
of cobalt and nickel was noted. When studied by the Moseley method, the 
order of the square root of the characteristic frequencies of these elements 
was such as would be anticipated on the basis of properties and not that ob¬ 
tained on the basis of atomic weight. Argon therefore has an atomic number 
of 18, potassium 19, cobalt 27, nickel 28, tellurium 52, iodine 53. The answer 
to the query of Ramsay as to the lack of complete concordance in the periodic 
classification was evident and revolutionary. The atomic weight is not the 
fundamental factor in atomic behavior. The properties of the elements are 
a function of their atomic architecture. Atomic weight is a secondary factor 
useful as a guide in the great majority of cases but at fault in the cases just 
mentioned and certain others now to be discussed. 

> CheiniBtiy of the Radio Elomenta, Part II, p. 2, 1914; Ckem. Newt, 107, 97 (1913). 

•J. Chan. Soe., 103, 381, 1052 (1913). 

' Chem. Newt, 107, 49 (1913), 

‘Pki/tikal. Z., 14 , 49, 131, 136 (1913). 
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Isotopes: The existence of elements differing in mass yet identical in chemi¬ 
cal properties was made familiar by the study of radioactive decay. It gradually 
emerged that the end product in the decay of radium was Radium G, radio-lead, 
identical in chemical properties with that of ordinary lead. Moreover, as 
the change in group classification brought about by loss of a- and ^-particles 
became understood, it wa-s further evident that Radium I), Radium D and 
Radium G were all membens of Group IV in the periodic classification. This 
is evident from the accompanying chart, furthermore, since loss of an 



Fio. 2. Radium DisintonratUm Sfirifw 


a-particlc (helium nucleus) results in a diminution in the atomic weight by four 
units, while the i8-particle change is without influence on the weight, it is 
evident that, by calculation of the a-particles lost in the successive changes. 










20 


A TKKATISE ON PHYSICAL CHEMISTRY 


the atomic weiulits of successive products could be deduced from tliat of radium. 
Assuming an atomic weiglit of 220 for radium, that of Ra R liecomes 214 
(3 a-particles lost), that of Ra D becomes 210'(4 a-particlcs lost), and Ra G 
becomes 200 (5 a-particlcs lost). All the.se elements have prtiperties identical 
with tlnjse of ordinary lead, who.se atomic weight is 207.2, in all properties 
exccjit those dependent upon mass. The masses differ as can be .seen from 
the above examples by so much as eight units (200-214), The end-proiluct of 
the thorium series of radioactive elements is likewise a mcndier of Group IV' 
analogous to lead with an atomic weight <if 20S.I. To such elements, identical 
in properties other than those dependent upon mass, the term isolopes was 
applied. The conclusions reached upon the basis of calculation from the atomic 
weight of lead and the a-particic lo.ss have been abundantly confirmed by actual 
atomic weight determinations.' *' 

The wide variety of eleniejils produced in radhjactive decay, their similarity 
of properties, in spite of wi<le differences in atomic weight, would have iiresejited 
a problem of considerable,' complexity for periodic classificatiejn had not the 
Moseley discovery elucidated the true basis of classification ami demonstrated 
the secondary imtairtancc of the weight relationship. .Vli such i.sopjpes while 
differing greatly in ma.ss are identical in atomic number. Their net nuclear 
charges are identical. They have a coirimon extra-nuclear electronic configura¬ 
tion. They differ only in the ma.ss of the jiueleiis. 

Non-Radioactive Isotopes: The existence of atoms of identical nuclear 
charge but differing ma.s.ses, outside Ihe range of radioactive materials, was 
demonstrated by the investigations of ,1. .1. Thojiison !ind of .Vston on the proj)- 
erties of the po.sitive rays from a discharge tidie. In the earlier sections, a 
considerable discussion has been given of the electrons liberated from atoms 
by the action of various forms of energy. Little has been stated concerning 
the residues from such changes. I’ositive rays were discovered by Goldstein 
in 18SC in the discharge of electricity through gases at low pressure. Using 
a perforated cathode he showerl that streamers of ligtit were present betiind 
the cathode perforations, and assumed that the light indicated the presence 
of rays travelling in the opposite <lirection from the cathode rays. From the 
manner of their production he termed them ‘canal strahlen,' Wien* showed 
that they could be deflected by a magnetic field. The detailed investigation 
of their properties was undertaken by .1. J. Thomson,’ who gave to them the 
term Positive Rays since they were shown to carry a po.sitive charge. The 
rays are iirodue.od by ionization of gases at low irressures in a strong electric 
field of the order of 30,000-50,1100 volts. They are the residues from such 
ionization proces.ses. 

The method of measurement employed by Thomson to investigate the 
charge and mass of such rays is known as the ‘ Parabola ’ method. It consisted 

1 Rirharclsnnd Lcnits'rt.O. ^l»i. Chni. ,SV., 36. 1.139 (I9l l);38, 2M3 (1910). 

<So<td,v, J. C/um. Siic., lOS, 1402 (1911). 

* Honigsohniidt, Compt. raul., 158, 1790 (1911). 

* Verh. rf, Phua. Cm.. 17, 1S9S. 

* Hays of Positive Kleetricity, 1911. 
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est^entially in allowin|i the rays to i)ass through a very narrow tube and then 
in analyzing the fine beam so produced by electric and magnetic fiehl. Under 
the combined influence of ati electrostatic and an elcctronmgjietic field a ray 
will be deflected fnun its normal path and will strike a receiving screen at n 
point X, y, where is a meaMiia' of its velocity and y'ix is a measure of w/c, 
the ratio of mass t(> charge. Thi.'^ follows from the application of simple dynam¬ 
ics to the separate actions of tlie electrostatic field X and the electromagnetic 
field // since 


in the manner pi(‘\iously demoiisfrated for (he electron. Tin' velocity v of tlie 
ray.s may varv howc’ver over a con-'iderable range. for constant w 

but variable r, t he locu- of impact of the i.avs with (he screen will be a parabola, 
Pl>' {Viil Hays of largi-r riias,'. m' yield a similar 
parabola of smaller magnetic di-placcnient The ^ 

dispiacemeiit of the jiarabolas along the magnetic 
axistH’at a given value along the electric field givi's 
a measure of the rela(iv(' masses since .D 


Witli one known parabola, (he ma.ss of all other rays p 5 * 

can be identitied. 

The sliarpness of the parabolas, obtaineil |)lio(o- 
graphically m this way by using a pliotogra|)liic 
lilato as rcci'niiiK scri'ou fur (la; rays, (•slal)lis|ii.,l 
cxporiinpntally fur the first, lime lla^ finidanicnlal 
assumption of the i)alt<iniaii atomic lln'orv, that 

the atoms (in tlies<‘ e\])eriments the positive rays) of the same element had 
the same mass. 

A secoml methoil of positive ray aiiiilysis ‘h'vised l»y Dempster* causes the 
charged particles t<i fail through a definite ))otentiaI dilTmvnce. A narrow 
bundle is .separated out by a slit and is bent into a semicircle by a strong 
magnetic field; the rays then pass through a s(*(;f»nd slit and fall (Ui a plate 
connected to an electrometer. Tlie jxitential difTerence P, the magnetic field 
// and the radius of curvuitiire r determine tiie ratio of the charge to the mass 
of the particle since 

c 2P 


'Phys.Itcv., 
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This method is essentially that used by Classen' for the determination of e/m 
for electrons. 

Aston improved the technique of positive ray analysis by the use of the 
mass-spectrograph illustrated in Fig. 4. Positive rays are Sorted out into a 
thin ribbon by means of two parallel slits, Si and Si, and are then spread into 
an electric spectrum by means of the charged plates Pi and Pi. A portion of 
this spectrum deflected through an angle 9 is selected by the diaphragm D 
and passed through the circular poles of a powerful electromagnet 0, the field 
of which is such as to bend the rays back again through an angle <ti, more than 
twice as great as 6. The result of this is that rays having a constant ratio mje 
will converge to a focus F. If a photographic plate is placed at GF as indicated, 
a spectrum dependent on mass alone is obtained. 



Aston has recently announced' his discovery of yet another method of 
mass analysis with the aid of which further detcriniuation.s of the masses of 
elementary particles have been made. The most significant result of Aston’s 
measurements is the conclusion that the lighter elements also e.xist as isotopes 
and that, with the exception of hydrogen, the weights of the isotopic elements 
arc whole numbers within the accuracy of the experimental method, in most 
cases about one part in a thousand. The results of such investigations to date 
are embodied in the accompanying tabic. 

Aston’s discovery removes at once the only serious objection to the unitary 
theory of matter which, as has been previou.sly recorded, lay in the deviations 
from whole numbers in the atomic weight tables. Thus, the hypothesis of 
Prout was hardly tenable while exact atomic weight determinations showed 
the atomic weight of chlorine to be 35.46. Aston’s determinations reveal 
chlorine as a mixture of isotopic elements of masses 35, 37, and possibly 39 
in such a ratio as to give an atomic .weight of the mixture equal to 35.46. 
Similarly with the other elements deviating from the whole number rule de¬ 
manded on the basis of a unitary theory. 

> Jahr. Hamburg. Wisa. Anst., BeUicft 1907. 

'Brit. Asa. Liverpool. Sept. 1923. Chem.and Ind., 42. 935 (1923). Phil. Mac.. 47, 
385 (1924). 
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TABLE II 


ElIIUCOTS AMD Tbsik Ibotopbs 


Element 

Aftmiic 

Nuinlx“r 

Atoniie 

Weight 

Minimuni Num- 
Ikt of Isotnpes 

Mosses of Isotopes in 
Order of Intensity 

H. 

1 

l.OOS 


I.IHIS 

He. 

2 

3.00 

1 

4 

Li. 

;i 

0.94 

2 

7, 0 

Bo. 

4 

9.02 

1 

9 

H . 

5 

10.0 

2 

11. 10 

C .. . . 

a 

12.00 

1 

12 

N... 

7 

11.01 

1 

11 

() . . .. 

s 

10 (K) 


10 

F . 

!l 

10.00 


19 

Ne ... 

10 

20.20 

2 

•.>!<, 

Nil . . 

11 

22.00 

I 

22 

Ml! 

12 

21 22 

.2 

21. 25. 2<1 

A1 

Vi 

20.00 


27 

Si 

U 

28 2 

2 

28. 29, (.20) 

V 

15 

21.01 

1 

21 

s 

1() 

22.00 

1 

22 

(.'I 

17 

25.10 

2 

25. .27 

A ... . 

IS 

.20.88 

2 

40. .20 

K .. 

1!) 

.20.10 

2 

29. 41 

(’ll . 

20 

10 07 

2 

40. 44 

Sc 

21 

15.1 

1 

45 

I’i 

22 

18.1 

1 

48 

. 

2:{ 

51.0 

1 

51 

(’r .. 

24 

52.0 

1 

52 

Mn, .. 

25 

51.02 

1 

55 

Ft* . ... 

20 

.55.84 

(I) 

.50, (.54)? 

(’o, . .. 

27 

58.07 

1 

59 

Ni. 

28 

.58 08 

2 

58. 00 

('u . 

20 

<21,.57 

2 

02. 05 

Zn 

20 

<15 27 

4 

(H, 00, 08, 70 

(III . 

21 

00.72 

2 

09. 71 

do . 

22 

72.5 

.2 

74. 72. 70 

As... . 

22 

71 00 

I 

75 

Se . 

24 

70.2 

0 

80, 78. 70, 82, 77. 74 

Br . 

25 

70.02 

2 

79, 81 

Kr .... 

20 

82.02 

0 

84, 80. 82. 8.2, 80 

Rb... 

27 

85.45 

2 

85. 87 

8r. 

2K 

87.02 

1 

88 

Y . 

29 

88 0 

1 

89 

Ag . 

47 

107.88 

2 

107, 100 

Sn . 

50 

118.7 

m 

120, 118, no. 124. 119, 

117, 122, (121) 

Sb . 

51 

121.77 

2 

121, 123 

I . 

53 

120.92 

1 

127 

Xe... . 

54 

120.2 

7«» 

129, 122, 131. 134, 130, 

128, 130. (120), (124) 

Cs . 

55 

132.81 

1 

133 

Hg . 

80 

200.C 

(0) 

(197-200), 202, 204 
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The discovery of isotopes explains also the remaining defect of the periodic 
classification, the inversion of argon and potassium, of tellurium and iodine 
and of cobalt and nickel in the arrangement of’elements by weight. Thus, 
argon with an atomic weight 39.88 has isotopes of weight 40 anil 30, the former 
in predominating amount. Potassium has two isotopes, .39 and 41, the former 
also largely predominating. In nuclear charge the argon isotopes arc one less 
than those of potassium as the Moseley investigations r(?veal. The relative 
amounts of the two isotopes in each case determine the inversion of atomic 
weights. The .same holds true for the heavier elements tellurium and iodine, 
cobalt and nickel. 

Isotopes have hlcntical nuclear charge but dilTer in mass. The isotopes of 
lithium have masses 0 and 7, tin? latter strongly predominant, since? the atomic 
weight is 0.94. As the atr)mic number of lithium is three, it follows that the 
nucleus of Li“ must lx* compose<l of (i protons' witli 3 electrons, 'fhat of Li" 
must contain 7 jirotons with 4 electntns. Tlii?' gives each the net im.Mtive 
charge of 3 reipiircd. The planetary electrons arelikewise 3 in number. What 
the actual structure of such nuclei is has been the subject of considerabh* 
conjecture recently;* as yet, however, little of a definite nature is available. 
Two hypotheses are being considered. According to on(\ tfie nuclei of atoms 
consist of helium nuclei or a-particles h(4d ti>g(‘ther .mi that their packing effect 
upon each other Is small; in the case of atoms not having a nia.ss of 4a, addi¬ 
tional protons and electrons are sujiposed to be present. Acconling to tlie 
second hypothe.sis, the actual arrangeinenl of the protons and electrons need 
not be at all similar to that in a helium nucleus I'Aidence from radioactive 
studies on the disintegration of light atoms by the collision of .swift a-partich’s 
seems to favor the former hypothesis. Rutherford and (’hadwick have .shown' 
that such collisions {irodnee swift hydrogen nuclei from the atoms of boron, 
nitrogen, fluorine, sodium, aluminium and phosfihorus. The.se atoms are 
elements whose masses are of the tyjies la -f 2 and 4a + 3. The effect was nut 
obtained from atoms of the type 4a.’ This n'sult suggests that in the atoms 
of tliis last tyjie the protons are all Imund in tin' form of helium nuclei. 

The Arrangement of the Extra-Nuclear Electrons: lattle can be said at 
this stage concerning the arrangement of the extra-nuclear or planetary 
electrons. Two points of view are to be .sjitislied in any complete theory of the 
electronic arrangement. On the one hand there is the demand of the physicist 
for a dynamically stable atom which requires the electrons to bo in motion in 
orbits around the nucleus. The beginnings of such a theory an* to be found in 
the Bohr tlieory of atomic structure. This theory of electrons rotating around 

‘ Proton is th(‘ iiaiur .sln:ge^nx^ li.v ilulliurfonl (,t3ri( A>.‘5. 1U2U) for the hydrogoa nucleus. 

»Harkins, Phys. lirr., 15, 73 (lUiai). 

Rutherford, Proc. Hoy. Soc., 97A, 371 (1U2(I). 

Gohreke, Phymk. Z., 22, 151 (1921). 

Brosslera, Rev. Chm. 1, 42, 74 (1921). 

* Rutherford .'ind Chiulwick, Phil. Mao-, 42, SOI) (1921). 

* For later views, see Kirach and Pett<“r8Son, Niiture, 112, 391, Gs7 (1923). Bates and 
Rogers. Nature. 112, 435 (1923). 
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nuclei iias led to conspicuous success in tlie interpretation of the spectra of 
hydrogen and to some extent of helium, in the calculations of ionization poten¬ 
tials and resonance potentials! with its aid, the iM(»seIey law may be predicted; 
it predicted a relation between the fre<juencies of lines in two succeeding series 
of characteristic X-radiation such as the K atul the L series. The theory em¬ 
ploys the (junntutn theory of radiation atul so its detailed <!iscussion may well 
be deferred until tliis chapter ni the de\<‘lopment of niotlern chemistry is 
pr(‘sented. 

The facts of chemistry, of valence and of slereo-chemii^al rehitionships 
demand, on tiu* other hand, that tlu' \alenee electrons b(‘ grouped in certain 
positions of (aptilibnnm about the atomic nueh'iis This, the chemical attitude 
to the |)roblem, has given rise to static or senii-static electron configurations 
of winch the nu»st notable discussions an* tlioM* of Lewis/ of Kossel^aiid of 
Langmuir.* The.se (lu'orii's also iiiav well be discaissed in coiijuiietion with the 
tlu’ory of the Holir atom siner* there sei'iiis now to be a possibility of reconcile¬ 
ment between (he (wo e.xtn'ine \iew'poni(s and a general tlieoiy possible* to 
eoV(‘r all ease^. The sidutioii of the ptobleni is imporlant. The chi'inist can¬ 
not fail to n’liieniber (hat all tin* fai’ts of his >eienn‘, ;ill (he nmllitudiiions 
eomi>(»unds with whieh he deals, all (he various propertie.s whieh he assigns 
to his elenu'nls and eompoumis are, witli the exception of those factors defi¬ 
nitely related to Hue's ami I lierefore to (he inieleiis. to be asiuibi'd to the various 
permutations and combniatioiis of the cxtia-miele;ir eleetroiis. 

Applications of the Atomic Concept: This concept of atomic make-up of 
malli'r, as <l('veloi)ed m (he pn‘('(‘<ling seeti<iiis, is (Ik* cojici'pt which is to bo 
harmonize<l with the fundammitai factors of theoretical chemistry. We shall 
sec that tin* atomic coiiccjil is at tin* root of our theories of the gaseous, liquid 
and soliii s(;q(*v L \\j|| J,(. >li(jwn how the kinetic theory of such stiite.s of 
aggregation is m accord with the known physical projicrties of matter in these 
states. The cliemica! propertie-^ of matti'r m s<i far as these deli'rmine chemical 
equilibrium, luimogeiu’otis or h(*terogeii(‘ous, can Im* correlated witli our ideas 
of atomic structure. liid(*<‘d,il is on the basis of aloinistics that the laws of 
eliemical equilibrium were developed. Tin* laws of M*ac(ioii speed are likewise 
bas(*d upon (Ik* coiicejjtioii tif atomic and molecular units, d’he atom in its 
modern de\elopim*nl is in harmony with (li<* known facts of electrolytic dis¬ 
sociation and of the e(|iiilil)iium as''Ocuiti*d with such dissociation processes, 
riie laws of surface clu'ini'lry, the domain of colloidal phenoini'iia, an* b(*coming 
the more understandabh* by the approach from the atomic and molecular 
viewpoint. The relationship ll(■(we(*n physical [iroperth's and molecular con¬ 
stitution, long known tn b<* iiitimati*, is ye! ni<»re inteiligibh* upon the basis of 
modern tbeorios of atoms and molecules. In the domain of idiotocliomistry 
there apjiear to be grounds for belief that therein lies a field where atomic 
behavior may be closely connecled with the energy content which tlie body 

’ J. Am. Chi ni Soc... 38, 7(>2 {lUl<o 

2 Ann Phy.vk , 49 , 229 (1910). 

»J Am. Clum. Soc.,^1. SOM, lOia (1919), 42 . 274 (1920i. 

* Bohr, XoIhjI Prize Addrcs'-, Xolure, 112 , July 7 (192.4), 
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receives by radiation. The quantum theory of radiation may yet serve as the 
bridge connecting matter and energy in a more unified whole. It is not possible 
to elucidate all the relationships of material things by sole reference to material 
content. Side by side with the kinetic viewpoint the conclusions from the study 
of energy changes, the realm of energetics, must be placed. In the intelligent 
use of both, atomistics and energetics, progress will the more surely be achieved. 



CHAPTER II 


THE ENERGETICS OF CHEMICAL CHANGE 

BY IHKiH S. TAYLOU, D.Sc., 

Professor of Physical Chciiii^ry, PnturUm Uniirrs.ly, .V. J. 


It is not possible completely to define any system by sole reference to the 
material content of the system, its atomic or molecular constituents. Asso¬ 
ciated with matter, indepemlent of the fixed and unchangeable attrilnitea of 
mass and form, are other properties which change with circumstances. Thus, 
for example, the temperature, iiressure, heat content, motion, electrical po¬ 
tential, color may vary, without variation in the actiial atomic or molecular 
content of the system. The projierties of a copper rod when hot iliffer from 
those of a cold rod, those of a metal at high electrical potential fnun those of 
a metal uncharged. Motion and jiosition conv<*y definite jiroperties to matter 
as can be illustrated by means of a rifle bullet or an avalanche. Even at a 
constant temperature the form of matter may vary, (lasoous, liipiid and solid 
mercury either separate or coexistent are possible at a given temperature. 
The compression to which a givim sysimn is subjected may determiiic the 
changes which such a system will undergo. 1'hese variables, to whicli all forms 
of matter are subject and from which they cannot be entirely dissociated, ‘are 
all energy variables of material things. 

Every variation in the properties of a given species of matter is to be at¬ 
tributed to a variation of one or more of .several energy variables. These 
energy variables are convertible one into tlie otlnT, matter being the medium 
whereby such conversion is effected. Thus, iieat energy is convertible into the 
energy of motion, the increased motion of the particles receiving such heat 
energy. Conversely, motion may be converted into beat energy by friction as 
wa.s emphasized by Count Rumford in his iiuiuiries concerning the heat re¬ 
sulting from the boring of cannon, or as demonstrated by Davy in the produc¬ 
tion of water by the friction of ice. Electrical energy can be expmided in the 
production of heat energy or in the production of chemical change whereby 
chemical energy may be produced. C'hemical energy is the source of most of 
our heat energy and is an instrument in the production of electrical energy. 
Many chemical actions are productive of light or may be made to produce it 
by way of other energy forms. This interchangeability of the forms of energy 
suggests therefore that energy, like mass, may be indestructible, but multi¬ 
form or protean. Before, however, this concept of interconvertibility of energy 
can be examined in its quantitative aspects, the method of definition of energy 
must be examined in some detail. 
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The Definition of Energy: Every cliaiige in the condition of matter is to 
be ascribed to the operation of one or otlier forms of energy. The energy is 
composite of two factors, an intensity factor an'd a capacity factor, and is, 
indeed, tlie product of these two factors. The intensity factor is the measure 
of tlie resistance offered to the change of condition resulting from the operation 
of the energy. Tlie energy can only operate when this resistance is either with¬ 
drawn or overcome. Such an intensity factor tending to proiluce a change is 
known us a force. A force, overcoming a resistance to an extent which we may 
designate as the capacity factor, iierforms work, expends energy. With a given 
force, the energy expended or the work performed varies directly as the capacity 
factor. In the production of motion the energy expended depends, therefore, 
on the force required to produce motion against the resistance and on the 
distance through which the object acted uiion is moved. In the raising of an 
object of ma.ss m against gravity, g, through a height h, the force exerted in 
opposition to gravity is mg and the capacity factor is the height h. The energy 
expended becomes, therefore, the product mgh. In the production of a volume 
change </» in any body against an external pressure p, the intensity factor or 
force, p, acts through a volume ih which is the capacity factor; the work done 
or energy expended is the product of the two factors, pdv. All energy changes 
of whatever form may be similarly resolved into two such factors. 

The unit of energy in the e.g.s. system of units is the erg. It is the energy 
associated with a force of one di/nc acting through one centimeter. .4 dyne is 
the force which, acting for one second on one gram, produces a velocity of one 
cm. per second in the body upon which the force is impressed. It is related to 
the action of gravity upon li mass. (Iravity produces an acceleration of DkO.fl 
cm. iier sec. when acting upon a mass at sea-level and 45° latitude. The weight 
of one gram diiided by p = 980.6 cm, per sec. is equivalent to one dyne. If 
the pressure of the atmosphere be delined as the pressure of 760 mm. of mer¬ 
cury under standard conditions, it may be expressed in dynes per sip cm. 

1 atmos, = 76 X 13,59 = 1033.3 grams per sq. cm. 

= 980.6 X 1033.3 = 1013300 dynes per sq. cm. 

The Fihst I.aw of Eneroetics 

The Mechanical Equivalent of Heat: The first .statement of the equivalence 
of heat and mechanical work is to be attributed to Mayer, 1842, who also at¬ 
tempted to ascertain the proportionality factor connecting the two energy 
quantities, Carnot (died 1,S32), in a posthumous publication, enunciated the 
same principle: ‘‘Heat is simply motive power or motion which has changed 
its form, for it is but a movement amongst the particles of a body. Whenever 
motive power is destroyed, an equivalent quantity of heat is produced; and, 
reciprocally, whenever heat is destroyed, motive power is developed.” Mayer 
calculated the work involved in the expansion process when the .specific heat 
of a gas is measured at constant pressure, this work, w, being then equated to 
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the difference of the .xiiecific heats at constant pressure and constant ■volume,. 
f,, — f, by the proiiortionality factor ./, the ineclianieal ecpiivalent of heat. 

le = J{Cp - Ct). 

The assumption involved in tliis ealculation, namely, lliat lieat cner^sy and 
mechanical energy arc eipiivalent, received its first e.xperimental test by Joule, ' 
KS43-1880. He measured the heat produced q by most divergent mechanical 
processe.s and showed that in each case the |iro|ioi'tionalilv factor, J, was 
apirroximatcly constant, 

le = Jq. 


Joule’s experiments included the following: 

(1) 'I’lie hi'ut jir'xlucf'tl s\}ifn Minout' liijuidH, uiilfr, oil ami iiioifiiry, won* wtirml w:w 
(•(inipjiml with iht; work unolved in pnnlii<'mn !ln; hturiim 1).\ f.-dliiiK wt'iulp**. 

(2) The heat proiliifod in a foil of wire 1>.\ unluflion cuirfiilH wf, up l>y rolution of tho 
wire iH'twfcn llic pok*' ftf an oifflioinaKiift wa-n foinpared with Jin* work done by falliiiK 
woinhts m rolaliiiK tho foil. Tlie lirat pnxlufftl was iiifa.suri'd by liu* rise in Iwupfraturn of 
water mi whieh the foil was lol.tteil 

The ln‘at i>iodufe<l b.\ foniiirosion of water tlirouKli narrow opeiiiiina or eupillarie;^ 
was fi)iii])ared with the woik letpiired lo ditve tin* wtiler thi<iii)di the openings or riipillane.s. 

(1) 'J'he lieat prodinetl by (Mnipif*"inK an to 22 alnio.spluTC.i was eoinpared w’itli Iho 
woik of eonipie'<>ion. 

(.')) Tho heat piotiueed b\ tlie pA'-saue of an eleetrK’ current throimh a coil of wire-itn- 
nierwed in a caloi itnel i ic lluid w as cunipared with the enerny of I lie I’utrenl onnHiiined. 

Joiilt* concUiiitMl llutt “772 IIn fnlhti^ out* foot, would ht'at ti pouiul of wator 
one (lc(jr(‘(‘.” 'rratisfoniKMl iiitB luodorn units Joidu’.s mojiMircinonts giive 
jipproximately 

./ - 117 X Ul^ tTKs per 15° cal. 

The fact that iiidependetii methods of jtroduciug heat /^ave closely conctirdanl 
values for ./ coitslituled the desireti premf of the law of e(|uivaltmce of heat 
cnerj^y ami mechanical ent'r^jy. 

These early measurements have been repeated :ii intervals with greater 
relinements of teehnitpn*. Howland (lH7d), Miculescti (1K1)2) atid Reynolds 
and Moorby (ISPS) liave (h'lermmed ./ by the water-stirring method. Greater 
accuracy is achieveil with the eli'ctric heating method, which htis been employed 
by Griffiths (ISlkl), Scliu.sler ami Gannon (!8!)5), (’idlendar and Uarnos (li)02), 
Uieterici (1905). The former methotl gives a mean value 

1 (br)cal. = 4.1829 X KH ergs ^ 

in good agreement with thed(‘terndmition of Miculescu, namely, 4.183 X 10^ 
ergs.' By the electrical inethml the mean value is 

1(15°) cal. = 4.1809 X UTergs^ ^ 

' \. VV. Smith. U. 8. Wialhir Refu iv, 35, 4o8 (1907). 

* A. W. Smith. Phys. Hip., 33, 173 (1011). 
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when the electromotive force given by the Weston cell at 20° C. is defined by 
international agreement as 1.0183 volts. The average of these two determina¬ 
tions gives 

1 (15°) cal. = 4.182 X 10' ergs. 


Assuming that, with the new definition of electromotive force just mentioned, 
the volt-coulomb = 1 joule = 10’ ergs, it follows that 

1 (15°) cal. = 4.182 joules; 1 joule = 0.2423 cal. 

Since a pressure of 1 atmosphere = 1013300 dynes per sq. cm., 

1 cc.-atmos. = 1013300 ergs = 0.10133 joules. 

For a perfect gas, it will be shown that the fundamental equation connecting 
pressure, volume and temperature is, for one mol, 

pv = RT, 

where R is the gas constant. On the absolute temperature scale, 0° C = 273.1°. 
For one mol of gas under standard conditions the accepted value of c = 22412 
cc. Hence, 

„ 22412 X 1 

R = ^ -= 82.07 cc. atmos. per degree. 

273 


When transformed into the units of heat energy with the data already supplied 


or 


R = 1.9885 calories per degree 
R = 8.316 joules per degree. 


The Law of Conservation of Energy: This law, the first law of energetics, 
of which the equivalence of heat and mechanical energy is a special case, was 
definitely enunciated by Hclmholz in a publication “Uber die Erhaltung der 
Kraft," ‘ 1847. In this contribution, Helmholz demonstr.ated that the law of 
equivalence of heat and mechanical energy was a direct consequence of the 
century-old experience of investigators that it is impossible to produce a 
perpetual motion machine which, without expenditure of energy, shall produce 
energy. Definite proof of the impossibility of constructing such a machine 
cannot be achieved. It is necessary to rely upon the cumulative experience of 
investigators that the search for such a machine is fruitless. Furthermore, 
by assuming the impossibility of perpetual motion of this type, conclusions 
may be drawn which may be verified and, in their turn, be employed for the 
discovery of further facts or laws. Thus is attained the definite and general 
belief as to the truth of the fundamental law. 

Helmholz pointed out that it the mechanical equivalent of heat were not an 
invariable quantity, it would be possible by suitable coupling of two processes 


* OttvxUd’i Klauiker, No. 1. 



THE ENERGETICS OF CHEMICAL CHANGE 


37 


of energy transformation, heat into mechanical work, to arrange that the heat 
produced in the stage of energy consumption should be more than sufficient 
to produce, in the second sta^ of the process, the same amount of energy as was 
consumed in thfc first stage. A perpetual motion machine would result. Heat 
energy would be continuously produced without the expenditure of any other 
energy form. The impossibility of such a perpetual motion machine compels 
our belief in the exact equivalence of heat and mechanical energy. Helmholz 
concluded therefore that: “In all processes occurring in an isolated system, 
the energy of the system remains constant.” 

The energy of a system is a function only of the state of the system at the 
given moment irrespective entirely of its past history, the manner or method 
of its origin. It is especially to be emphasized that this independence of past 
history refers only to systems whose identity is complete in all except the ele¬ 
ment of time, It is not enough that the atomic or molecular make-up shall 
be the same, for this may lie secured even though the energies of the systems 
differ widely. Thus, for example, stick lead and electrolytic lead might be 
identical as to atomic content, pressure, temperature, volume and the like, 
but be different in energy content by reason of state of division, size of crystal 
and the like. Only in this wise can it follow that the energy change accompany¬ 
ing a transformation shall be a function only of the initial and final states of 
the system independent of the path between. For, if it were possible to effect 
a change in any system from state A to state li such that the energy change 
involved was dependent on the path by which the change was achieved, 
it would again be possible to construct a perpetual motion machine. All 
that woulil be necessary would be that one such method of conducting the 
change could be reversed. Then, by a suitable coupling of two processes, 

A D hy path I, 

fl -> A by path II, 

if the energy produced in path I were larger than that consumed in path II, 
the system would be, on completion of the reverse jirocess, in its initial state 
and a surplus of energy would be available. By repetition of the process, 
energy could be continuously produced—a perpetual motion would be possible. 
This is denied by human experience as embodied in the first law of energetics. 

The Internal Energy of a System; The change from state A to state li 
of a given system is therefore accompanied by a [lerfectly definite energy in¬ 
crement which we may designate by At/ and define by the expression 

AU=Ub- Ua. 

In such case, Ub and Ua represent the energies of the system in states B and 
A respectively. They may be more definitely designated as the internal 
energies of the system in the two states. They arc energy quantities of un¬ 
known absolute magmtude. They include the energy resultant from such 
factors as motion of the molecules, position of the molecules, molecular at¬ 
traction, intra-molecular forces, intra-atomic vibrations, chemical and other 
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unascertained forcca. While, however, the absolute magnitude of such internal 
energy is not ascertainable, the change in such is definite and unchangeable 
for any given process of change. 

Any such change in the internal energy of a system can only be achieved 
with a .simultaneous change in the energy of surrounding systems, since the 
law of conservation of energy mud be obeyed. An increment in internal energy 
of the system is secured, therefore, at the expense of a decrement in the energy 
of its surroundings. A decrement in the internal energy results in an increase 
of the energy of its surroundings. If we consider any process of change from 
state A to state H, whereby an increment of internal energy AU = Ur - Ua 
occurs, which results in the abstraction of heat, ?, from tlie surroundings and 
simultaneously the performance of external work lo by the system on the sur¬ 
roundings; then, by application of the law of conservation of energy, 

AU = q — w. 

It has been shown that At/ is a perfectly definite quantity for any given proco.ss, 
dependent only on the initial and final states, A and H. This is not true of 
either q or tc. According as the experimental conditions change, q or to may 
both vary. Thus, if the process be carried out at constant volume and no 
other energy factors than those of mechanical c'licrgy are involved in the 
external work pcrfornnal, 

TO = 0. 

In such circumstances 

AU = q, 

the whole increment of internal energy is secured at the c.xpense of the heat of 
the surroundings. Ordinarily, processes are conducted, not at constant volume, 
but at constant pressure. In such case, a process will in general be accompunieil 
by a volume change. The external work done by the system on the surround¬ 
ings will be 

p(cn - i’a) = p.Av, 

p being the jircvailing pressure. An the increase in volume of the system during 
the change from state A to state H. The heat q abstracted from the surround¬ 
ings will be increased by an amount equal to the quantity pAe, since 

q = AU + in - AU + pAv. 

Conceivably the process may be conducted so that heat is neither gained nor 
lost by the system. Such a process is known as an adinhcitic process. The 
quantity q is then zero. The work performed by the system on the surround¬ 
ings must then be done at the expense of the internal energy of the system, or 

AU= -w. 

It will later be shown that the quantity to may be composite of several forms 
of energy including mechanical, electrical, radiant energy and the like, and 
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tliat, furtliermorc, tlic magiiitiiilc of such work performi'il may vary with the 
mode of conduct of the ))rocess. 

It is thus evident tliat while U, the internal energy of the system, is a 
single-valued funetirin of its several variables, pressure, temperature, volume 
and the like, dependent only on its state at the moment, this is not true con¬ 
cerning the quantities q and ir. Whereas the small change of internal energy, 
ill'i has the properties of a complete differential. 


dU = — (/x -|- (III flc -f- 

flx dij Si 


where x, etc., are the several variables, the same is not true of the heat 
absorbed or external work performed by the system when such change in 
internal energy occurs. The.se may vary extremely, (irovided always that the 
law of energy conservation is satisfied, 

A/.' = 17 - w. 

The (|uaulities q and ir ap' depi'udeuf cidirclij on the path by which the process 
is achieved. 

The Heat Content of a System: lieturuing now to consideration of a 
process involving an increase in iulerual energy, heat absorption from the 
surroundings and a volume change I’l to c/, against a constant external pres¬ 
sure ;i. The first law of energetics dcin.ands that 

Af7 = b’« - Ua = q - ii{vii - Va). 

This may be trausformeil thus: 

(VH -b pr;,,) - {Ua + I'l’i) - q. 

In this ca-e the heat, q, absorbed by the system is eviilently delined by the 
initial and final states of the system. If wc define a (piantity 

11= U + vv 

and term this ([uantity, //, the heat content of the, sy.stcm, the equation becomes 

//„ = q = Ml, 

It will be noted that the (piantity A//, like Af/, is dependent only on the 
initial and final states of the system. The heat content of the system, //, like 
is a single-valued function of its several variables. 

The Heat Capacity of a System: We may define the mean heat capacity, 
of a system between two temiieratures as the (piantity of heat necctssary 
to raise the system from the lower to the higher temperature divided by the 
temperature diflcrencc. 
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Since the heat capacity is known to vary with temperature, the true heat 
capacity at a given temperature may be defined by the differential expression 



The heat capacity may be determined either at constant volume or constant 
pressure, the magnitude of the heat capacity being dependent on the mode of 
experimentation. In the determination of heat capacity at constant volume, 
none of the absorbed heat is employed in the performance of external work. 
Hence, the heat absorbed, q, is equal to the increase in internal energy. We 
may, therefore, define heat capacity at constant volume per mol. of substance 
by the equation 

--m.- 

At constant pressure, since 

q = AU + w, 

the heat absorbed to produce a given rise of temperature will be greater by 
an amount equivalent to the external work performed by the system on the 
surroundings. Hence, we may define the mean heat capacity at constant 
pressure thus: 

q \ ^ (A U + pA v\ AH \ 

t,-tJ, Vi'.-rrA xn-rj, 

and, for the true molecular heat capacity at constant pressure, 

-(SI- 

The Heat of Chemical Reaction; Chemical reactions arc in general accom¬ 
panied by absorption of heat from or evolution of heat to the surroundings; 
they are cither endothermic or exothermic. For a reaction occurring at con¬ 
stant volume, the heat absorbed or evolved is equal to the change in internal 
energy of the system, since no external work is performed. Hence — AV 
is a measure of the number of calories evolved in the reaction, or, in other 
words, a measure of the heat of reaction at constant volume. A thermochemical 
result of this type may be illustrated by the equation 

CO -I- H.0 = COj + H, -f 10500 cals. 

Hence 

AU= - 10500 cals. 

For reaction at constant pressure, p, accompanied by a volume increase, As, 
the heat absorbed, q, is equal to the increase in internal energy plus the ex¬ 
ternal work performed. 



q — AU -b pAv = AH. 
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At constant pressure, therefore, - AH is a measure of the calories produced 
in the given reaction, 

C + Oj = COi'+ 97000 cals; MI = - 97000 cals. 

The Constancy of the Heat of Reaction; Hess’s Law: Since, in any process, 
both quantities A U and AH are dependent on theinitia! and final statesof thesys- 
tem only and are independent of the path between, it follows that both the heat 
of reaction at constant volume and that at constant pres.sure, being numerically 
equal but opposite in sign to the increase in internal energy, AU, and that of 
heat content, AH, respectively, must also be defined by the initial and final 
•states of the system independent of the ])ath taken. In other words the heat 
evolved in any chemical reaction is independent of the maniuT in which the 
reaction is achieved whether in one or many steps. Thus, in the combustion 
of carbon to carbon dioxide the heat of reaction at constant pressure, — Alh, 
is equal to that for the two-stage process;(«) carbon tocarbiui monoxide, — Allt, 
(b) carbon monoxide to carbmi dioxide, - Ally Thus, 

C-K).; = (:Oi; -A//, = 97000 cals., 

C -b 50, = CO; -A/f, = 29000 cals., 

CO + 50, = CO,; -AH, = C8000 cals., 

- A//, = (-A7/,)-t-(-A//,). 

This consequence of the first law of energetics, which ns will be shown later 
(Chapter VI) is of great utility in the science of thermochemistry, was first 
enunciated by Hes.s in IiS40, prior to the formulation by Mayer and .loule of 
the law of conservation of energy, (jf which it is a special case. The law forms 
the theoretical basis of the classical ex|K'rimental work of Thom.sen and Berthe- 
lot on the thermal magnitudes of a wide variety of chemical compounds. For, 
the law of Hess involves as corollaries a number of useful conclusions. Thus, 
the heat of formation of a eom|>ound must be independent of the manner of 
its formation; the, heat of reardion must be indeianident of the time consumed 
in the process; the heat of reaction must be eipiivalent to the sum of the heats 
of formation of the products of the reactirjn less the sum of the heats of forma¬ 
tion of the initial reactants. The (ixperimental methods of thermoeboinistry, 
the details of typical results obtained and of the methods of calculation will 
be given in a succeeding chapter ((Chapter VI). 

Heat of Reaction and Temperature: Kirchhoff’s Law: The heat of reac¬ 
tion of a given process varies with the temperature, the mode of variation of 
which may be elucidated by consideration of a given proce.ss, 

A-4 B, 

occurring at two temperatures T and T + dT differing infinitesimally. For 
simplicity let the several processes be assumed to occur at constant volume. 
In the first place the reaction may be assumed to occur at temperature T 
whereby q calories of heat are yielded to the surroundings. The system B may 
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now be raised from T to T + dT. This will require absorption of heat by the 
system equal to C,'.ilT, where C/ is the heat capacity of the system b at 
constant volume in the given small temperature irtterval. In the second place, 
tlie process may be achieved by another path. The system .1 may be raised 
from T to T + dT whereby analogously the heat al)Sorbed will be C„.dT. 
The reaction A to b may now be conducted at the temperature T + dT 
whereby a heat evolution equal to 7 + dq calories occurs. From the law of 
conservation of energy, the heat change from A at temperature T to b at 
temperature T + dT is independent of the path by which it is achieved; 
otherwise, a pert)etual motion machine could be realized. Hence, assigning 
positive values to heat absorbed by the system and negative values to heat 
given to the surroundings, we obtain by equating the two modes of procedure 


whence 

or 


- <1 + C.’dT = C.dT - (? + dq), 

dq = (f;„ - c;)dT 


dq 

dT 


C, - C\'. 


Since, at constant volume, q, the heat evolved in a process is equal to - AC/, 
we may write the (Miuation 


dT 


AC’,. 


In a similar manner it may be shown that (.^ee Chapter VI), operating at 
constant pressure instead of at constant vailiime, 


d(A/ /) 

IFt' 


= Ar„, 


where AC'p represents the heat capacity of the jiroducts less that of the re¬ 
actants. The temperature coefficient of the heat of reaction under any cir¬ 
cumstances is therefore ecpial to the change in the heat capacity which the 
system undergoes in thos<! circumstances. This law was first deduced by 
Kirchhoff' in bSoS. It is applieable alike to chenucal reactions and to all 
those processes such as fusion, vaporizatii>n ainl the like which we more usually 
term physical processes. More recently the applicability of the law in ca.ses 
of aub-fttomic nature has been demonstrated. 

The Thomsen-ierthelot Principle; An Erroneous Concept of Chemical 
Afiinity: The idea underlying the comprehen.sive investigations of Thomsen 
(1854 onwards) and of Herthelot in the domain of thermochemistry was the as¬ 
sumption that the heat of reaction was a direct measure of chemical affinity. In 
the words of lierthelot, “ every chemical change which takes place without the 
aid of external energy tends to the production of that system which is accoin- 

‘ Pm- Ann., 103, 454 (1S.58). 
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paniod by the development of the mnximutti amount of heat." This principle is 
wroiiK. Many reaM>ns may be ailduced to prove its incorrectness. If the prin¬ 
ciple were true,only exothermal reactions e(nild take place utiless external energy 
were simultaneously utilized For. emhdhennie rcaictioiis would indicate a 
negative affinity <)r a repulsion. The existence of endothermic reactions had, 
therefore, to be e\))laine(| by the proponents of the theory l»y assumption of 
the operation (d secondary pliysicai factors. Thus, th(‘ spontaneous soluthui 
(d many salt^ in water, fiaaiuentiy endotliermal, is appanmtly a contradiction 
(d the Thomsen-Herthelot jirincii>le. It was “explained” that allhougl) the 
net ob.served heat elTect was m'gative, the positive value', due to the affinity 
proper, wa" masked by secondary tliermal magnitudes dm* to physical changes, 
e.g., the change (d the solid salt to the fluid condition in seelution. Such assump- 
tioies, impo.'.sible (d test liy imaisurena'iit. oidy .M*r\ed to complicate what is, 
as will be shown, a ve'iy simple epiantity. tin* clietnical aflinity (d a system. 
The Thomscn-Hertliebd principle implied, moreover, that reactions should 
|)roceed to compk'tion in that diree-tion in which exotlu'rmicity was deveh»|)ed. 
This hael Ix'en definitely di>pro\cd by the n'seaireln's <d Berthollei at the be¬ 
ginning (d the nineteenth century, the concept (d lailanced actions bc'came 
indi'^pensable when the Law of Mass Action was |)ut forward by (luldberg 
and Waage in IMIf. Ualaiicial action'' and eipiilduiuni in\ol\e tin* simultane¬ 
ous occurrence of exothermal and eiidotIxunial changes at om* and the sanu* 
temperature. 

It will emerge in th<‘ ■'ubse<pi(‘nf disciissifiii Ih.at the heat of reaction is not 
the true 1 hermodynamic criteiion for chemical n'action. On tin* contrary, 
the chang(' of fiee eiicrgv. tlie capacitv <d the sy.'.tem to do eln'inic.al, (‘lectrical 
or mechaidcal work will be '«hown to be the corr<‘ct nu'asun* of lh(' dri\jng 
force (d a M'action In ci'itam spe( i;d, but accidental, casi's, the heat tif re¬ 
action and the free (‘iiergv <if the proce-'s mav b(‘ e(|ual. In tlie majority (d 
caH*" till'' will not b(‘ tine To denionsfrate the correct n'lationsldp between 
these two magnitiidev the Ih-'t law of energetics is inMilficient X(‘W limitations 
on the con\ertibility of eiu'igv must first lie discusse<l and these will lead to a 
second law of eiK'rgetics. In I la* meantime it may be emphasized that the law 
<d conser\ation of I'liergy gi\es no information as to the thrtrtmn (d eni'rgy 
change" It onl> insists that, whatever the direction <d change, no I'liergy 
shall b(' lost or gainial by the system taken as a whole. 

Api’LK'\t]()Ns or THK First Law to (Iasks 

The Internal Energy of an Ideal Gas: It will be shown siibseipiently that 
in general a gas may be defined by nderence to tw(( of the tlirce variables, 
|»ressure, volume and tempi'rut tire, any two of which will give the third a 
definite value. Since the internal energy of a substance is a function of its 
state at any given moment, it follows that the small change in internal energy 
(JV of Mich a gas may be expres.sed by an equation of the form 
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If now tlie toinporature change accoin])anying the expansion of a gas in a 
thermally insulated system (i.e., ? = 0) against zero pressure (i.e., pdv = 0) 
be determined, such a temperature measurement will yield information rela¬ 
tive to the change of internal energy with volume. This experiment was 
first carried out by Oay-I.ussac and later by Joule, by allowing the ga.s from 
one vessel, I, to stream into an evacuated vi^ssel, II, until pressure equilibrium 
was established in the complete .system I -)- II. By having the system immersed 
in water in a calorimeter any temperature variation could be noted. The 
first experiments of this type led to the conclusion that (IT was equal to zero. 
It was therefore concluded that, for such a system. 



It follows, therefore, that for all such gaseous systems as would give this ex¬ 
perimental result the internal energy would be independent of the volume, 
dependent only on the temperature of the system. 

More accurate measurements, subsequently performed by Joule and Thom¬ 
son (later Lord Kelvin), established the fact that this conclusion was incorrect 
for all real gases, but that it was approached the more closely the more the 
gas approached a condition of ideality. The lower the initial pressure in vessel 
I, or the higher the experimental temperature T, the more nearly did dT ap¬ 
proach zero and therefore the more nearly did dUldv approach zero. 
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The real thermodynamic criterion to be fulfilled by any ideal gas may be 
learned by a study of the experimental method employed by Joule and Thomson 
to determine the temperature changes accompanying an expansion of a real 
gas. The change from a high pressure pi 
to a lower pressure pi was made to occur 
slowly by interposing a resistance to the ga.s 
flow. A porous plug divided the region of 
high pre.s8ure from that of low i)rcssure. As 
the gas passed through the plug under compres.sion on the high pressure side, 
pi, the volume on the low pressure side was increased. Diagrammatically this 
may be illustrated in Fig. 1. 

The work done on the gas at high pressure p, for a gram mol. of the gas at 
volume (i| compressed through the plug i.s obviim.sly pie,. On the low pressure 
side corres|)ondingly the work done by the gas on the surroundings is piVi. 
Now if Boyle's Law be obeyed by the gas in question, 

Plt'l = PlVs, 

it is evident that the system as a whole has performed no external work, 

u> = 0. 

In a thermally insulated system (] also is equal to zero. Under such circum¬ 
stances 

Whence, if <17' ~ 0, it follows ;ilso that 

f'-i -0- 

\ Ov )t 

Hence an ideal gas may be defined themodynamically as a gas fulfilling two 
conditions, 



(b) pv = constant. 

Real Gases; The Joule-Thomson Coefficient: For real gases, in general, 
Piiq will not be equal to piis. The external work performed by the system as 
a whole upon the surroundings will be 

PjD- — piVi = w. 

According to the first law, for a process without heat absorption, a so-called 
adiabatic process. 



Hence 


At/ = Ui - Vt = — w = piVi - piVi. 

Ui -t- piVi = l/| + PiSi. 
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This nquation may bo transformed into 


since 


IP = //., 


// = U + VO- 


The free expansion of a real Ras occurs, therefcjre, not with constant internal 
ericrRy V hot witli constant heat content H. The Jonic-Thomson coeffi¬ 
cient is therefore definable as the cbaiiRc in temperature produced wben the 
Ras expands at unit pressure dillcrential and cojistant heat contcjit, or math¬ 
ematically 



The .loiile-Thomson coefficient for a number of Rases under stated conditions 
is Riven in the followiiiR table. 
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Now since in the /rec cxpiinsion of real gases, H = U i- pV is constant, 
i.e., (IH = <i(C/ + pV) = 0 ami since H is also a sinKle-valnc<i function of 
any two of the variables, p, i>, and T, that is. 



it follows that, since till = 0, 

<}T ^ _ \(ip Jr 
\lp Jdir\ 

\dT), 

111 oilier wonN llu* mafiiiitude of IIk' JtMili'-Tlioiiison ('(i(‘Hiei('iit is (leloriuinoil 
hy the vuriatiDii in the (iiiiinlily I! with jiresMire at con^tanl lemjiernturo 
since (\ is a tlehnile numerical (jiiantily. 

1 1h‘ variation of II with |H(‘>'<iir(* Is (h'ferniineil by tin* re^[)ective \'ariat,jons 
of f/and yir of which the (jiiantity//is composed. For I he majority of gases, 
^\il h hydrogc'ii and helium as (‘\e(‘ptions, it has iieen experimentally determined 
that, with increasing pressure and at coiislaiil tein|)eratme, the product pv 
at fir't (h'cn'ase*^ and then in(“r(*as(‘s. For mod(*rat(* pressun*s, tln*refore, P'^Vy, 
tin* jiressiire-volume product (Ui the low pri'sstire side of t he plug, will lie gr(*at<ir 
than pif't for all gases excepting hydiatgcn and helium. Hence, in the jnirous 
plug experiment, flic net external work done by the syslimi ution tin* surround¬ 
ings will be ))osiii\(‘ at nuxlerate pressures ft»r all gaM*s except hydrogen and 
Indium. In an adiaiiatic system cooling would therefore (n*cur At higher 
pressures, when pr has increasetl suthi’K'iilly with increasing pressure, p-.v-y 
uill be less Ilian pii] and the elTect (tf Hoyle's l,aw will be to cause a warming 
up of the system in passage through the plug 

As far as the variation of I with pressure is couci'rned, with all real gases, 
tin* elTect of (‘xpansion will be to ju'oduct* a Cfioling of tin* gas. The molecular 
constituents of real gases exert an attractive forci* upon one another which is 
(tvercome when an expansion of the gas occurs. In every ca.se therefore, under 
a^liabatic conditions, the energy reciuired in overcoming these attractive forces 
mu.st come at (he expense of the kinetic energy of the gas molecules and cooling 
will be produced. 

The total idiserved effect uill be composite of these two factors. They must 
operate in such manner that tlie heat content II shall be invariable throughout 
tlio process. 

Kose-Imies lias shown that (hr ('xporiincntal measurements iif .Ionic and 
Thomson could be represented by an eipiation of the type 



tIT 

dp 


a 

f 


+ b. 


I’or air and carbon dioxide characteristic constants, a and b, were, obtained. 
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positive in sign. For hydrogen h was negative. In this last case evaluation of 
the constants o = C4.1, 6 = - 0.331 indicated that at T = 194° K. or - 79° C. 
the quantity dT/dp became zero. Below this temperature, the Joule-Thomson 
coefficient is positive, that is, cooling is produced in hydrogen below this 
temperature. This is in agreement with experimental investigations of Olzewski 
who showed that below 80° C. hydrogen could be cooled by expansion. All 
gases, other than hydrogen and helium, probably show inversion points at 
temperatures above ordinary room temperatures. 

Joule and Thomson found that the .loulc-Thomson coefficient varied in¬ 
versely as the square of the absolute temperature 

dP P ' 


This indiente.s that the lower the temperature, the greater the cooling effect 
produced |)cr unit pressure gradient, a conclusion which has been experimentally 
verified in many cases. 

The influence of pressure on the magnituile of the coefficient has been 
studied for oxygen at 0° (!. over a considerable pressure range by Vogel.* 
The cooling effect decreased from 0.200° per atm. pressure gradient at 20 atm. 
l)ressure to 0.139° at IfiO atm. pressure. Over a more limited pressure range 
Hoxton has studied the variation in the coefficient for air. He finds also a 
diminution of the coefficient with increasing j)rc.ssurc at constant temperature, 
the combined effects of jjressure and tenqicrature being representable by an 
empirical equation 


1 'iS 

k=- - 0.1975 


319/* 


The Joulc-Thonisoii effect is made u.se of practically for the liquefaction 
of gases by tlie so-called Linde-Ilainpson process. The gas cooled by expan¬ 
sion is utilized to pre-cool the compressed gas passing through the plug. A 
lower temperature i.s thereby produced in the gas upon expaiusion. The 
cooling is thus made cumulative until finally a temperature is attained at 
which li(piefaction occurs. The etliciency of such a process may be calculated 
from the known data on the heat cajiacitics of the gases at tlic two pressures, 
the Joule-Thomson coefficient, tlu* boiling point and the heat of vaporization 
of the liquefied gas, when it is remembered that tlie heat content of the system 
undergoes no change. 

The Relation between C;. and C^: It has been .shown that the quantities 
Cp and Cp are representable by the equations 



> MUnchen, 1910. 

*Phy». Rtv., 13,438(1910). 
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Hence 


C„-C, 


Now 


Hence 


•=©.-(a 

^ /9(r + ,n')\ 

V OT {or). 


;> + 


©JC;). 


For ill! iiloul gas it lias liocii shown tliat 


C). 


^ 0. 


Hence, for ^iicli Riises 


f.'„ " (\ 




Employing the eipjafion of efate for an iileal gas 

pi' - HT, 


it fijllowa that 


Hence, for sncIi gases 


\dr), p 


f’„ - tv = R. 

Isothermal Expansion of an Ideal Gas: I'roni the first law of energetics, 
M: = V - ir, 

it haa been shown that .iT is iinlfpemlcnt of volume change for an ideal giis. 
Hence, in the expansion of such a gas 


3 


q = y. 
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For an infinitesimal volume change dF at pressure p 
q = pdV. 

For a finite volume change, Vi to V,, 

pvt 

}= I pdV. 

Jy, 

Assuming for 1 mol. of gas that pV = RT, it follows that 

r''" dv r. 

,= RT~=RTln'r- 

Jvi * ^ j 

K(jr an ideal w(Mnay also put ?>iKi =*= ptV-i, whcrepiand arc the pressures 
concerned. The heat absorljod in the isothcrnuil expansion becomes therefore 


q = IlTln-- 
Vt 

Adiabatic Expansion of an Ideal Gas: In this case, since the process is 
adiabatic, 

? = 0. 

Hence 

At/ = - w = - pAV. 


Since external work is done by the system on the surroundings, the temperature 
of the gas must fall. The magnitude of the decroiise in temperature may be 
calculated thus: 

Since 


or, in the limit. 


All = C,.AT and pV = UT, 
C..AT = - p.AF, 


whence on integration 


Alternatively 


C,.dT= - pdV, 


- TA = f"pdy 

Jv, 



CMnT = - RdlnV 


CJn - = Rln ^ • 
T, r, 
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Since -- RTi and /i.-l’.. = it tliat 

/Ml'." - /mIV 

nr 

/m' "7V -/>:■ "'/?. 

Cyclic Processes: A uhidi, iijmii ooniplrlinn of a chaiiye or series 

of changes, in its onj-mal state is saul to liave (‘oinplejial a cycli*. Tlie 
whole process is known as a evclie piore'«'-. From the first law it follows that, 
since (' is a simile-valued fimetion of its \aiiahles, depemhuit. therefore, only 
Oh tlie state of tlie system, iiuh-peiidetil of past history, for every cyclic process, 

ii - u\ 


If condiict<‘(l at conslaiit tempcratuie the c) eh* is known as ;in isulherinal cycle. 

The cyclic piocc'ss forms a usc'ful im-l Imd of studvinn the variation of matter 
when siihjected to \anatioiis of eiieinv content. The most (adelirated of Mich 
cyclic processes is known as tlie (‘ainot Cvcle. 

The Carnot Cycle: Thi' c>e|e eoinpnses a four-sla^o' process to wiiic.h an 
ideal K-'i'' may he siilunitted. It was emploved l>y (’arnot to demoiislnile the 
work a\ailal)h“ from a process of heat 
transfer. Thi' c\cle eoii'ists nf hnir sue- P 
cessi\e processes (u) an isothermal expaii- 
.Sion, {h) an adial.atic e\|»aiisioti, {<) an 
isothermal compression at the I«twer tem- 
piTaturo prodiiceii in the pievious adiahatic 
expansion and id) an adiahatic compres.sion 
wherein- the ideal pa.s is restored to its 
oriRinal temperature, pressure and \oluiu<‘. 

The accompanyinn diapram represents the 
p-v reiation.ships in such a cycle starting 
at the state represented hy A at tempera- Pi.j. j 

turc T’, with the seipionce of chaiiKcs al¬ 
ready detailed carrying the pas through states repre-eided l.v the lines (u) 
AB, (6) BC, (c) CD and (d) DA. 

The lines AB and CD repre.scnt the two isothermals, at the temperatures 
7*3 and Ti (T; > Ti). The lines B(' and DA represent tlic two adiahatics. 
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I,et the respective p, v, T magnitudes be for A, p,, V,, Tt, for B, pi, Kj, Ti, 
for C, Pj, Vi, Ti and for D, j),, Vt, Ti. 

We may follow the changes occurring in the several stages thus; 

Shine I. The gas ex|)ands isothcrmally from A to B at temperature Tt. 
Heat is absorbed cipia! in amount to the work done by the system on the 
surroundings, since, for an ideal gas, the change in internal energy is zero. 

<h - v'l = RTJn • 


Stage II. The gas expands adiabatically from ft to f.'. The heat absorbed 
is zero; hence the work done is 

«... = (\(T, - 7’,), 

where Tt - 'I\ is the change in temperature resulting from the adiabatic 
(expansion. 

Stage III. The gas is comirressed isothcrmally from C to I) in a reservoir 
at V’l, whereby the heat g, is given up to the surroundings in amount erpial to 
the work of compression 

= HTU V • 

Id 

Stage IV. 'I'he gas is compressed adiabalically from I) to A. The work 
<loue on the gas is 

= (MT., - r.i, 

ttdiere 7’-. - T, is the increase in temperature prcjduccd by the adiabatic 
compression. 

The net heat absorbed by the gas in the whole cycle is, therefore, 


q = r/, — f/i = RTJti 


ItTiln 


r, 


From our knowledge of ailiabatic expansions of an ideal gas we know that in 
the two adiabatic iirocesscs considered 


and 


Hence 


('.In ]; = Itln ' - (btage II) 

Y’l Kj 


(\ln = liin (Stage IV). 
I I 


Va \\ 


_ I 3 

r, “ t; * 


» I 


Hence 
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Similarly, tiie work done by the }5a'<, 

tc = u'\ + »’.• *- ((‘a - tri - RiTi — Ti)hi 

I I 

uliich sali>fics tbo cemdition for a cyclic prtH'oss 


«• = y. 

'riic work <lom' may now be com|>ar«Ml witb tlie iiuaiitily of lieal (f- absorlxMl 
at the IukIut tein|)eralme T:. 


iv - H( T, - 'l\)(n 


r? 

i". ’ 


llencp 


qt = liTJii 


V: 


r. - r, 

w' = 7* 


U tiH'rebire e\ ideiit that, in t)ie e\cle, a <iuajitily of heat q-: has beet* ai>sorfM‘d 
from the '«.iirronnilni^f> at a ti'mix'ratnre T’ and partly transformed into tin* 
work tr, the remaimler yi beinj!: j;iven np (o the Mirroimdimis when !il a lower 
teniperafuie Ti ’I'Im’ work obtanieil in vnch a process i?* a definite fraction, 
(T; — Ti)'T:. <»f the ali'orbed heat We m i\ m)W’ |)roce(‘d to an exiiliiinatitut 
'd till (ptestion w bet her thi'- ipianlity of wnrk ir repre,>ents 1 he maximum amount 
nt work po'-'ible in >n(di a iieat liaii'fer, whether al^o the same fraelion would 
lie obtnin.able weie t he v\ s}»-iii emploved md an ideal ^ns The tin'^wer to such 
problems leari.s U' into the nadm of thi' directum of energy change and the 
re-tnetions upon thi' intercniueiiilulity of enerjiv which experience has etn- 
ixidied in the second law of imeii'elies 


Thi. Ski oM) i,\w’ of I'.nkhoktk’h 

An impiiry into the direction <if chaiiifc whicli a ^iven system will undergo 
may well be bejjmi witli an imimiy into some well-known e.xamplos of direction 
of change and the characleiistic.s whicii such processes possess. 

Reversible and Irreversible Processes: We are ipiite familiar with a 
variety of processe'^, both pliysical and chemical, winch will proceed of them- 
selve.s, or as we so designate them, spontaneously occurring [irocesses. Heat is 
spontanooiisiy transferred from a hot to a cold body either by contact or by 
radiation, rmfonnity of tenijH'rature tbrougliout the system will evcntimlly 
result. With a concentrated .■‘uhition m contact willi a moic dilute solution, 
difTusioii of tlie solute will .spontancoii.sly occur and continue until a uniform 
concentration results. (Jases permeate a vacuum. Similarly, tlie inter-diffu- 
sion of two gases when brought togetlicr is another familiar pbcnoinenon, An 
electric current will flow along a conductor when difTerences of potential 
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manifest thomselves, just as water will flow from a region of higher level to a 
lower level until a uniform level is secured throughout the system. Many 
chemical reaction.s occur spontaneously; ammonia and hydrogen chloride gas 
at ordinary temperatures when brought into contact will react to yield solid 
ammonium chloride. All such processes proceed of themselves; they are also, 
of themselves, irreversible. All are tending to a state of greater stability. The 
velocity with which such a position of greater stability is ajiproached may vary 
widely. The trend in that direction is definite and cannot be reversed by the 
system of itself. Only by the employment of external agencies can the direc¬ 
tion of such processes be reversed. The final state which such a system attains 
is spoken of as a state of eipiilibrium. A system in sucli a state is characterized 
by the uniformity in the intensity of all its forms of energy. In reaching this 
limdity many halting places may occur. The system in such case is in a state 
of metastablc ciiuilibrium. Thus, for example, hydrogen and oxygon at room 
temperatures arc only apparently in cipiilibrium. In reality they are in partial 
or metastablc cipiilibrinm, as the introduction of a small amount of platinum 
black into the system would demonstrate. Water would result from the in¬ 
teraction of the gases. But, in no conceivable manner, without the interven¬ 
tion of external agencies, could the process be expected to reverse itself, to 
proceed from the water stage back to the state of the gas mixture. We might 
generalize such observations in the conclusion that: sponUincoushj occurring 
processes are irreversible. 

Bet us now examine the conditions under which we must operate in order 
to njiproximate to reversibility in the conduct of a process. Tlie direction which 
any energy change takes is determined by the relative magnitudes of the in¬ 
tensity factors of the energy of the system and of its surroundings. At ecpii- 
librium the intensities of all the forms of energy are uniform. An infinitesimal 
variation in any one intensity factor will produce a change in that direction 
which will tend towards uniformity. 

Imagine a pure licpiid in eiiuililuinm with its saturated vapor enclosed in 
a cylinder fitted with a iiiston tlio pressure upon which may be delicately 
adjusted. Bet the aiiparatus be at constant temperature in a large reservoir 
from which the system may withdraw heat or to which it may give up heat. 
The piston will be stationary when the pressure on the piston is exactly equal 
to the pressure of the saturated vapor at the given temperature. Any displace¬ 
ment of the pressure on the piston, no matter how small, will cause a change 
to take jilace in the system, liquid-vapor. If the iiressure on the piston bo 
diminished infinitesimally, the piston will rise. The volume occupied by the 
saturated vapor will increase and hence a little of the liquid will evaporate to 
produce the saturation pressure. In doing this, heat will be abstracted from 
the reservoir. In this way, a process may be continuously operated, namely, 
the change from liquid to saturated vapor at a given temia'rature. The process 
will be exceedingly slow since the rlifference in the intensity factors is, under 
assumption, infinitesimally small. The process nray also be reversed. Imagine 
a pressure on the piston infinitesimally greater than the saturated vapor 
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pressure. The piston will, under such circumstances, compress the saturated 
vapor into a smaller volume, the suj)ersatviration of the vapor w!\ich would 
thereby result being overcome by condensation of some of the vapor. By this 
reversal of the process vapor may be converted to liquid. Heat will be given 
up to the surrounding reservoir. 

The energy expended in two sucli processes as we have just outlined may 
now be computed. Ltd the saturated vapor pressure at the constant tempera¬ 
ture T be equal to In the first case let the pres.sure on the piston be p — 
infinitesimally smaller than p. Ix‘t llie vtdumc change, dv, be infinitesimally 
small. The work cxpLOided hy the system on the surrounilings will be 

(p “ (lp)<h = pdo - dp.dv. 

If dp and dv are infuiitesimally small, thesecoml factor dp. de is an infinitesimal 
of the second ordtT, negligible in comparison with p.dv. Substantially there¬ 
fore, the work done is p.dv. In the soc<md process considered, tliut of com¬ 
pression, the pressure on the piston nubt he slightly gn'uter than p, say p -f- dp. 
Let the system, after the expansion, he compressiMl hy such a pressur(‘ through 
a volume decrease — dv. The work done on tin* system will be 

~ (P + dp)dv - - {pdv -}- dp.dy) 

or — p.dv when second order infinitesimals are neglected. 'J'hc system i.s 
now in its (»rigitial condition, the heat changes paralleling the two processes 
having occurred and being demonstrably e(jual and opposite, provided that 
no accidental ami irreversible processes liave simultaneously occurroil. For 
this, it is nec(*ssary to assume that the jiiston sliall he both w'eightlesft and fric¬ 
tionless since otherwise irrevor^hle changes, e.g., those due to friction, would 
doul)tie».s have occurred. Sucii a process represents an ideal to which all 
naturally occurring pToce>v('s may approximate without ever realizing. Such 
an ideal pn)ce.'‘S, however, though not actually realizable, is, nevertheless, 
conceivable. From the mental conception and its conse(|uences, ilefinito con- 
clnsion.s may he reached. Sucii an ideal proce'^s is characterized hy its complete 
reversibility in contrast to actual proee.sses whicli will always contain elements 
of irreversibility to a greater or le>s degree. In the ideal prowaw, all of the 
stage.s of the proce.ss may lie r(‘peat«“d in inverse order in point of time, the net 
expenditure of energy hy all tin; nn'clianical forces inv<dvc<l being zero on com¬ 
pletion of the whole jirocess. 

One other example, involving another form of energy, may lie cited to 
illustrate the concept of reversililo processc.s and to show the approximation to 
the ideal process which may he achieved hy a real process. The lead storage 
buttery, when discharging, yields current at approximately 2 volts. When 
discharged the process may be reversial by supplying curremt to the battery. 
As normally operated, the process of di.scimrgc and charge is accompanied by 
a number of irrevensilile phenomena, diffusion of electrolyte, heat losse.* ami 
the like. The discharge of the Imttcry may, however, be secured under condi¬ 
tions approximating to the ideal reversible process by opposing to the flow of 
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current from tlic buttery a current at a potential infinitesimally smaller than 
that of the battery. Under such circumstances current would be drawn from 
the battery in infinite-simully .small amounts at minute .speed and the factors 
of irreversibility in the process would be reduced to a minimum. At any mo- 
iiKUit by incrcasiiiK the opposing potential infinitesimally beyond that of the 
battery the direction of current flow would be reversed, the battery would begin 
to charge. Furthermore, as in the previous case the energy expenditure for 
any infinitesimal change in one direction will be exactly equal numerically 
to that expended in the reverse case. This ty|ie of reversible process is ap¬ 
proximately obtained in the I’oggcndorf method of measurement of the cUm;- 
tromotive forces of galvanic elements. The unknown potential is measured 
hy o])posing to it a potential of known magnitude, eciuality of ))Otential being 
indicated by zero displacement of a galvanometer suitably placed in the elec¬ 
trical circuit. With such a system very minute (piantities of current could be 
drawn from a galvanic element and the actual conditions of energy change 
would approximate very closely to the ideal reversihle conditions. 

Maximum Work; It is characteristic of such idled reversihle processes that 
the external work performed by the system \indergoing change is the maximum 
amount of work that the system is ca|iid)le of accomplishing It is very e\i- 
dent that, if all irreversible effects could be eliminated from a process, the 
ellicieriey of the proce.ss should be a maximum 'I'his is actually true. It may 
be made the more evident from a reconsideration of some ideal processes. In 
the Isothermal expansion of an idejd gas through an infinitesimal volume change, 
de, the work done is /ah’. The magnitude of this quantity is idiviously depend¬ 
ent on the opposing pressure p. When ;i is zero, expansion again.st a vaciiiim, 
the work done is zero. As p is increased the work done, pdv, also increases. 
The value attains a maximum when the driving pressure of the gas i.s infin¬ 
itesimally greater than the opposing prc.ssure. For, if these two pressures are 
C(|ual, no volume change can occur; and if the opposing prc.ssure be infinitesi¬ 
mally greater than the gas pressure, contraction in volume of the system will 
result. The maximum external work is therefore done when driving and op¬ 
posing forces tlilTcr infinitesimally. 'I'liis condition is, wc have .seen, that de¬ 
manded by an ideal reversihle process at all stages of its operation. The ex¬ 
ternal work iierformed in a reversible process is therefore the maximum work 
availahle in the conduct of the proce.ss. In the expansion process jiust discus.sed, 
the maximum work, .1, done by the system is therefore 

.1 = pdf. 

For a finite volume change conducted isothcrmally and reversibly 



which, as we have previously shown for an ideal gas, is 

A = RTln-= RnJ‘‘ • 

Vi pi 
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A little consideration will show also that the work ilonc on the surroundings 
in an adiabatic expansion 



aLs(* gives the inaxiinum w<*rk available from the pntcess. Wo mav therefore 
conclude that in the complete cyclic proce.KS already consi<lered, the ('arnot 
Cycle, all the operations being conducted reviTsiblv. the external work jier- 
formed is the maximum work that can he accomplishcil in that cycle of opera¬ 
tions. The relationship given by the ('arnot t'yeh'may therefore bn written 


tlio work done by the system in the transfer of heal «/• from temperalurn 'l\ 
to T\ re[>resetitnig the maximum amount of w(»rk obtainable in an ideally 
conducted process. All real jmicesses \\(*ijM > leld a smaller amount of exlcrmil 
work. 

The maximum \\<trk which a given proce''s is capable (tf accomplishing is 
a fixed and definite (luantity eharaeleiistic of the pna'css, •letermiiied solely 
by the initial and final states <»f tlie system indepcnnlmit »)f llio path between. 
Were this not so it is imimaliateiv evident that :i piTpelual motion machine 
could he constructed whereby in the isothermal [»ror(‘s,s 

.V -> 1 

a path eouhl bi' selected in wliieh the maximum work ,1 done bv the system <m 
the siirriMindings m passage from A* t<i )' was immericallv less (iian A', the 
maximum work done mi the s\sietii in the reverse process }’ to A’ The svsimn 
would then liave emiipleted an i'othernia! evele and a quantity of work .1' — .1 
would liave resulted The pi*>ccss coiihl lie re|ieated indefinitely This, how¬ 
ever, would 1)(‘ the pirpetual motion maehine denied by the First, I.aw of 
Fnergi'tics. Umice it must follow that A ' ,1'. Since these were any two 
possible methods <if coiidiicliiig the process, tlie maximum work must always 
be a fiinstant (piaiitity ' 

As a corollary of this, it follows that the work done in an isothermal re¬ 
versible cycle is e(pial to zero. 

Furthermore, it may be sliowii tli.'it the fraction converted inbi u.seful work 
is independent of the mechaiiisin wlu'reby heat is transferred, provided that 
this mechanism is reversihle. For, lot us assume such a mechanism producing 

• Tho nuvxiniuni work is tluTcfon* Miiftl'iuous to AT, iIk* chiitiK*’ ni infernal mutkv of 
the sjstoni. in that it is a (uuction of initial niid fiiml statr'i*, iii<l«'|ii'ii«ifiit of tlin piilh t>rtw«‘on. 
'1 ho maxinnmi work dono liy a prorm lias th»*reforn (i»‘fnjC(l l)y wiuk! aiil.tiorH in t'-rnm of 
two tnaenitiKins, .1^ aii<l Ah. <')i;tr:i(-(fT)Htic (if the iiiituil and final statf's A and It. rndorHindi 
asjfuniiitions the nuixiiimni work winch we have disniKsod is 


A - Aa “ Ab - - A.l. 
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an amount of work w' greater than w obtained in the Carnot Cycle previously 
conBidcrc<l. In such case a quantity of heat, qi, will be taken from the reservoir 
at Tt and a quantity of heat qi (< ji) be given to the reservoir at Ti, whereby 
the relationship is obtained, 

{f! - qi = w'. 

Then, by employing the ('arnot Cycle for an ideal gas, in the reverse direction 
from that previously considered, a quantity of heat ji can be taken from the 
reservoir at Ti and with the aid of a portion of the work to', actually the quantity 
M), an amount of heat can be put back into the reservoir at temperature Tt. 
As a result of this compound cycle the only change in the system as a whole is 
that a ([Uantity of heat qi — qt! has been taken from a reservoir at fi and 
converted into useful work, w' - w, without causing any other permanent 
changes in the system as a whole. Experience teaches that such a machine is 
impossible. It is not in contradiction of the First Law of Energetics, since 
heat energy is consumed in the production of work. Hut the po.ssibility of 
constructing such a machine is denied by the Second Law of Energetics, 
based upon the experience of man in the search for such a machine. Were 
such a machine possible, whereby heat could be continuously converted into 
work without compensation, an even more wonderful perpetual motion than 
that denied by the First Law would be possible. It would be possible contin¬ 
uously to utilize the large heat reservoirs of our environment to supply the 
motive power of our universe. It would be possible, for example, to drive a 
ship with tlie store of heat energy availalilc in the ocean in which the ship was 
placed. Such a perpetual motion machine, which Ostwald has called a per¬ 
petual motion machine of the second kind, is specifically denied by experience 
and has resulted in the enunciation of the second law of energetics. For useful 
work to be produced from heat without compensation, a transfer of heat from 
a higher to a lower temperature is demanded. The fraction of heat converted 
into work is given by the eriuation 




V 

Kio. 3 


With an engine working in a heat re.ser- 
voir at its own temperature it is obvious 
that 7'j — T, and hence ?e must be zero. 
It is therefore evident that whatever the 
reversible mechanism used for the heat 
transfer from a higher to a lower tem¬ 
perature reservoir the maximum work 
available is a constant. 

Any reversible cycle can be shown 
to be cciuivalent to a sum of Carnot 
cycles. In the accompanying diagram, 
Fig. 3, let the continuous lines AB, BA 


represent the path of a reversible cycle. It is evident that the path A to B may 
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l>e traversed by a number of isothcrmals and adiabatics as shown. Similarly 
the return path may l>e so traversed. The broken line path A to li approxi¬ 
mates the more closely to the continuous curve AH the more minute the iso¬ 
thermal and adiabatic changes become. Tlie same holds true for the n'verse 
path BA. By prolonging the i.«)thermals back into (lie enehiseil portion of 
the diagram it is evident that the area AHA may be regarded as made up of a 
large number of infinitely small Carnot cycles actually equal to the reversible 
cycle under consideratiem. Jn the summatifui. all those jmrtions i)f the small 
isothermals within the actual cycle will be traversed once in the one direction, 
once in the rever.'^o directi(»n .>^0 that the not resultant of such sections is zero. 
The properties of any re\er>ible cycle will therefore be eijual to the summa¬ 
tion of the properties of all the (’arnol cycle.s of which it may be regarded 
as composed. 

The Concept of Entropy: In (he di>cii^?.ion of (he ('arnot Cycle and in the 
generalization of the coiielusion.s tlierefroin for any revei>ib]e cycle, we saw 
that the heat (j: taken iMithcrmally from a reservoir at T: wa^ related to the 
heat <ii given up to (lie rc-ervoir .at 7’i and to the maximum work .1 by means of 
(lie relation 

Ui - <h ■' A ---- 

It follows, therefore, fir any rcvci'-dile cvcic, (hat 
'/•; ” v» “ ■^'1 

(»r that 

<h ^ qt 

r, t] ' 

If (lie cych' not reversible, if .aiiv irreversible elTects arc pre.M-iit resulting in 
the (iissipatK'ii of heat, it is evident that (he work done, v', must lie less than 
[(7':“ 7’i)/7’v] </: ruder Mich cmaimstances 


t] r\ ■ 

Regarded from the standpoint of (he machine condncling the (hirnot (’ycle 
the above oxpre.ssion for the equality of f/i'Ti ami of qilT-z may lie rearranged 
.so that + q repre.sents heat absorbed by the machine. In hucIi circumstance 
wc have for the (’arnot (’ycle 

(-'vt) _ (qj) 

ft T, 
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^ = 0 . , 
r, r, 

Siniiliirly for an irreversible process 

Ti Tj 

where again qi and gj are the heats absorbed by the machine at the two tempera¬ 
tures. 

For each individual Carnot Cycle into which a reversible cycle may be 
divided, the relationship 


will hold. When the isotlierinal and adiabatic changes of each Carnot Cycle 
are infinitesimally small, the .siininiation of the Carnot cycles is C(pial to the 
reversible cycle .-1/1/1 in the preceding diagram. For the Carnot cycles we 
therefore have 


and when the changes are ijdinitcsimal we have correspondingly 


an cxpre.ssi(]n which is therefore applicahle to any reversible cycle irrespective 
of its nature or the path by which it is achieved provided that this be a re¬ 
versible path. In the preceding lignre, where the cycle is achieved in two 
stages .1 to I! and B to .1, it is evident that 




lloth of these integrals are evidently inde|)endent of the |)ath taken from .1 to 
B or conversely from B to .1. lloth arc therefore determined by the properties 
of the initial and final states .1 and B. They are therefore evidently equal to 
the change in soTne single-valued function of the v ariables of the states .1 and B 
of the system. U‘t us expre.ss this by the relationship 

AB=So-S, = £^, 


whence it follows that 
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These expressions give us a ilefmitiou of the entropy of a system. The increjise 
AS in the entropy, S, of a reversible procos.s is the integral of all the lieat changes 
which the system undergoes in passing from state ,l to .state li, eacli heat change 
to be divided by tlie absolute temperature at wiiich it occurred. 'I’he concept 
of entropy received this definition from (’lausius who emphasized its im¬ 
portance in the formulation of the .statement of the secoml law of energetic-;, 
its dependence on tlie state of the ^y^tem and its independence of tiie path by 
which the state is achieved. 

It may also be donioustratotl that the entropy of an i-^olatetl system is the 
.sum of the entropies of the component elements of the .system Let us as.suine 
a system in which the comp»)nen( elements have internal energies respectively 
Ca" b f c ' • ■. i»re.ssures pi, Ph, pc • ' ■ , volumes vu, ro • • • and entropies 
Sb, the whole system at a common temperature T. Let us assume 

for simplicity that external work change.s in the M stem only involvi' mechanical 
energy. For any infinitesimal change occurring in (he syMem, for example, 
to the component A, we have 

dq.i - df^i f PAdvi. 

The corre.spundiiig entropy change will be 

dqA di'A - 1 - pdvi 

- 


Similar equations liold for otluT cllange^ in the .\v.stein. Snici- the ,•iy^tem 
assumed isolate<i, 


Hence 

dS.i f- dS,, -1- dSr d 

Or alternatively, 


•lA + <iB I cr’ h * • • 0 

•lA I qn f qc d- 


r 


d{S^ -1- .S’» d- .S’c d- • • •) - 0 


In other words, the entropy of an i.^olateil system remains unchanged, thm- 
sequently the change of entroju’m an adiabatic i)rocess is therefore zero. Als<) 
the entropy of the system is (“(pial to the sum of the entropies of the component 
parts of the system. 

Entropy Change in an Ideal Gas: For an ideal g.'w the heal ab.sorbe<l in 
any process of change 

y - AL -f pAv. 

For an infinitesimal cluinge, 


q = dU A- pdv. 


r r 


(!,dT + pdi) 
T 


Hence 



G2 


A TREATISE ON PHYSICAL CHEMISTRY 


If we assume that C, is independent of temperature, 

S= I'dS = C, J'y + B I"" + eonstant 
= CJnT + Rim + constant. 

For a definite volume change, for example, an isothermal compression from 
va to Vu of one mol. of gas 

Sh - 5a = Rln -• 

Va 

Since vn is loss than va, it is evident that the entropy of an ideal gas decrea.ses 
during an isothermal compression. Conversely, in an i.sothermal expansion, 
the entrojiy of the gas increa.ses by an amount equal to RlnivitlvA), where Vu 
is now greater than va- 

Entropy Change in Irreversible Processes: The transfer of heat from a 
hotter to a colder system constitutes a sinqile irreversible process. Let us 
imagine an isolated system consisting of two reservoirs at tenqieratures Ti 
and Ti (Fi > 7'i) and a machine, e.g., an ideal gas, by which heat may be 
transferred. By allowing the gas to expand isothermally in the reservoir of 
heat at Ti, an amount of heat q may be taken from the reservoir. The gas may 
now be allowed to expand adiabatically until a temperature 7', is attained. 
By placing the gas in contact with reservoir at 7'i and isothermally compressing, 
an amount of heat, q, may be communicated to the reservoir at T,. 'I’he change 
in entropy of the gas is 



The change in entropy of the ri'servoirs considered as a system is equal to 

_ ’ + 1 = ± . 

Ti T, 7'. Ti 

Now, since Ti is greater than 7’i, we conclude that the conduction of heat from 
a reservoir of high temperature to one of low temperature re.sults in an increase 
of entropy of the reservoir sj-stem. 

The expansion of an ideal ga.s from volume va to volume Vh against a vacuum 
is another irreversible process, in which, as already shown, 

Sb - Sa = Bln-. 

Va 

in which therefore an entropy incre!V!<e of the gaseous system results. 

We may therefore generalize our conclusions with regard to entropy change 
in the following manner. In irreversible processes, the entropy of all the sys¬ 
tems involved in the change is increased. In ideal reversible processes, the 
entropy of the system as a whole is unchanged. The change in entropy of any 
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portion of such a system undergoing a reversible clmngc is equal to the heat 
which such portion of the system absorbs divided by the absolute tcmiwrature 
at which the heat is absorbed. • 

Now since all real processes are irieversible, we have a method of statement 
of the Second l^w of Energetics. It may be thus cxpres.<ed: All uaturallyoc^ 
curring processes are accoinpauied by an iticrcase in the entropy of the, system. 
The content of the two laws of energetics may be summed up in the aphorism 
of Clausius: “ The energy of tla* universe is coiislant; th(‘ entropy of the uni¬ 
verse tends towards a maximum.” This formulation of the .secoml law pro- 
vide.s us with one eriteri(»n of the dinTtion of change which a given system will 
take if allowed ti> change sjamtaneously. The change will occur in that direc¬ 
tion in which an increase in the entropy of the system is obtained. 

Free Energy: We may now proce<‘d to an examination of other thermo¬ 
dynamic magnitudes which ha\e proved useful in the jiroblems rai.se<l by the 
Second Liw of Energetic';, which will have, moreover, a greater applicability 
to problems of chemical change than the broader concept td entropy. Only at 
a later stage, when the theorem of Nern^t, sonn'times termed the 'I'liird litiw of 
Thermodynamics, has received a detailed treatment, will the concept of en¬ 
tropy be applied in its most useful form. 

For a reversible process we have seen that the entropy of an isolated system, 
machine plus surroundings, remains constant. 

AS - 0. 


bet us define two (|uanlities by the etjuation.s 


and 


A -■= U - TS 


F ^ II ~ TS = (f -f na) - TS = A + pv. 


For any given i.sotln'rmal change wo can derive corre.sponding e<|uation.s as, 
for example, 

MI ~ TAS, 


If this equation ai)ply to any reversible change at temperature T, itfollowafrom 
the preceding section that TAS i.>j e(jual to </, tin* heat absorbed in the procesH. 
Hence, from the. ecjuation for the first law, 


it follows that 


AU = g w, 
A.'l ~ - w 


or alternatively that —A.I is <‘(jual to the total work done by the Hystem on 
the surroundings and, since the process in question is osHumed to l>e reversible, 
it represents the maximum work which the system is cajmble of accomplishing. 
It is, in other words, identical with the (|uantity which wc have designated by 
the term A in the earlier bcctiona. 
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In a process at constant temperature and constant pressure it is obvious 
tliat the work done by tlie system will be composite of two factors, that involved 
in the volume change, namely, pAv and a residual quantity w' which may be 
one of many energy quantities. A frequent form of such energy obtained in 
tlic conduct of chemical processes is electrical energy. Radiant energy, in 
the form of light, may be produced. Similarly, other forms are pos.sible. In 
such case w' + pAv = w. The quantity p.Av is constant irrespective of the 
mode of conduct of the process. The magnitude of the quantity w' will vary 
with the mode of conduct of the process. The greater the degree of irreversi¬ 
bility in the process, the less will w' be. It is conceivable that it may be zero, 
indicating complete irreversibility. 'J'he more the process approximates to 
reversible conditiotis, that is, the more ir approximates to its maximum value, 
the greater will w' become. With a comiih’tely reversible isothermal process 
at constant pressure 

w' 4- pAv = w = — A.'l. 

Hence 

w' = — AA — pAv. 

Whence, from the eipiation E =11— TS = A -f pe, 

«)' = — AE = Ea — Ell. 

These two quantities - AA, the “ Free Knergy” of llelmholz, and - AE, the 
“ Thermodynamic Potential" of Gibbs, are, as will he shown, of extraordinary 
utility in dealing with processes of chemical change. It is apparent that the 
quantity - AA is of importance when the variables chosen are volume and 
temperature. For pre.ssure and temperature as chief variables the (juautity 
AE has the preference; this will be generally true since constant tenqierature 
or constant pressure noimndly prevail in most chemical experiments. For 
reaction at constant volume and pre.ssure it is evident that 

AA = AE. 

From the equation 

E= II - TS 


wo obtain by dilTerentiation with respect to pre.ssure 

\i>P/ T \ Sp/r \DpJr 


Now 


H = U A- pv 

dll = (if ' + prfe -b vdp = TdS -p t'dp. 


Hence 


\C»P Jt \<)p/t 
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Hence also 



Or, for an isothermal process, 

f (IF = / vdji. 

Similarly, the variation of F with temperature may be asC(‘rtaineil. 'I’hus, 



Correspomlinfily for a chanf!;e in the ipianlily F in an isothermal process of 
cimntje from state .1 t<t state H we may write this epnation in tin' form 



This e(|uation enables us to calculate the change in thermoiiymimic potential 
of a reacticjn at any tcm|)cratur<' when it is known at any given temperature. 
For a reaction at constant volume the corresponiling ei|nation will he 



Applied to reversible galvanic cells these eipiatioiis give us the well-known 
Gibbs-Helmholz equation. For a revcrMble cell having an electromotive 
force £ at constant teraperatnre T and a temperature coeflicicnt dEldT it is 
evident that, when operated at constant pressure p, 

- AF = nf£. 


where nF is the number of coulombs of electricity yielded by the cell when 
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operated under such eircumstances that the maximum electrical work is ac¬ 
complished. Hence thcrelore, 

- nFE -MI= - nFT — 
dT 


or 


nFE + MI = nFT 


dJE 
dT ' 


Thermodynamic Equilibrium: A condition of equilibrium may be defined 
by stating that a system is in equilibrium when it shows no change of state in 
any particular with time. The system must be in a state of absolute rest. 
A state of partial equilibrium is familiar to every one. A mixture of hydrogen 
and oxygen at room temperatures is one such example already discussed 
in an earlier section. 

A state of absolute rest is difiicult to determine experimentally. This 
fact may be illustrated by th(‘ ease of the mixture of hydrogen and oxygen 
just cited. If, for example, such a gas mixture were stored over mercury at 
room temperature, no change in volume would be noted over long ))criods of 
time. This does not mean, however, that no chemical change is occurring. 
I/!t it be assumed that 10' molecules of hydrogem and half this number of 
oxygen molecules are reacting par second. A simple calculation, employing 
for the Avogadro number, iV = 6.00 X 10“ moleculus per gram molecule, 
will reveal that it would require a period of observation extending over 
0 X 10' years before a volume contraction of 1 cc. could be observed. It is 
very evident, therefore, that any thermodynamic criteria for a state of abso¬ 
lute rest or of chemical equilibrium would be extremely valuable if not ab¬ 
solutely necessary. 

We saw that it was characteristic of reversible processes that the smallest 
change in any of the intensity factors of the various energy (piantitics obtaining 
in the systeur was sufficient to cause a displacement of the system in one or 
other direction dependent on the sign of the change in the intensity factor. The 
same is true for any system in thermal equilibrium. Kvery infinitesimal change 
in such a system is reversible. We have seen that the criterion of this reversi¬ 
bility is that 

dS = 0. 


Now 


F = H - TS 


or 

= U + PV-TS. 

Hence, by differentiation. 


dF ~ dU ^ TdS ~ SdT pdv + vdp. 
For reversible processes 


dU -TdS= - pdv. 
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Hence 


rfF = - SdT 4- vdp. 

It therefore follows thut, for reversible changes at constant temperature and 
constant pressure, 

(IF = 0. 


This expression becomes, tlioreforc, a second criterion for equilibrium condi¬ 
tions. A system is in equilibrium when a small displacement in the conditions 
of the system can be accomj)lislied witiiout change in tiic thcrmmlynamic 
potential. 

I'or a system winch is not in ecjuilibrium tin* direction of change may also 
be stated. Any naturally occurring process results in an increase in the en¬ 
tropy of the system as a ^\hole. Now, since 

AF = AH ~ TAS, 

it is evident that TAS must always be positive in spontaneously occurring 
processes. If the svstetn bo isolated, it is clear that AH is zeni. Ilenco AF 
must be negative in all such processe^. We therefore conclude that tin* ther¬ 
modynamic potentint of all spontaneously incurring processes decreases. It 
will be shown in the seejue! h(»w important is this criterion of the direction of 
chemical change 

Some writers have assigned t<» this coinaqit of thermodynamic ))otential 
the term “ free energy” originally nx'd by lli-lmholx to designate the function 
.1 wiiicli we have cojisidered above. It is evident that the thermodynamic 
p(»tential is in reality the free emTgy change accompanying an isobaric jiroccns. 
In succeeding chapter^ the term free (‘iiergy is used to denote F, in agreement 
with recent practice among physical chmnists in America. 

The magnitinic »)f the free energy decrea.se accinnpanying a process is 
evidently a measure of the tcmlency of a system to react--a concejit which 
from very earliest times has been designated as the chemical affinity of a system. 
The free energy decreiisc gives therefore a quantitative measure of the tendency 
of the system to undergo reaction. It is immediately evident that the informa¬ 
tion we possess concerning the magnitude of the free energy decrease is in 
accord with our ideas concerning atfinity. If a system is in equilibrium, the 
chemical aflinity is nil. This is m accord witii our deduction that for systems 
in eijuilibrium dF = 0. The furtluT removed a hystem is from its equilibrium 
state the greater the clieniical aflinity. Likewise the greater is the free energy 
decrease accompanying the change of such a system to equilibrium conditions. 

In the succeeding chapters of the book, the many ajiplications of the funda¬ 
mental concepts herein detailed will be brouglit forward. It will emerge that 
the thermodynamic method constitutes a most effective auxiliary of the atomis¬ 
tic or kinetic method of treatment, the one confirming and in some cases am¬ 
plifying the conclusion.s deduced by the aid of the other. 
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THE GASEOUS STATE OF AGGREGATION 
liv (vmi ^rA\ss. i'u.d.. 

/Vi/mor of Phyneol Chnnktry. MdiiU Unhersity, ^fon^T(tx\ 

'Pho gaseous state may 1)0 defined as tliat luimogeneoiis state wliicli matter 
assumes when any given amount of it fdls eompletidy an otherwise' void system 
of any volume. The Ixdiavior of matter in this state may he most readily 
understood from the standpoint of the knn'tie thi'orv. Tin* \alidity of tins 
theory rests upon two fundamental po.stulates the Daltonian e'oneept of 
matter and the hy[)othesi'< that the motion of the particles emhodied in this 
concept manifests itse'lf hy the phcnonn'iinn of temperature. 'Pin' first has 
hecome a!nio''t axiomatic in the lealm of phv'’i<‘ai science' and fin' second has 
had alm(*>'t diri'ct proof from tin' •'tiidv of tin' Brownian nni\(*ment am! of the 
raelieuneter. The fact that ('X(‘rv ('xperimi'iilal test of the tlieorv has Imrin* 
out its jiredictions cxe'cpt iii cases win'ri', for the sake of sim|)licitv, the 
deiivations are approximate or where exp(‘riineiilal ohserxatioiis iire inac¬ 
curate constitutes real e\id<'nce for its \aliility 'Pin* development of this 
rernarkahle geneializalion mav he atlrihiited chiefly lri the work of Avogadro. 
(’lausius, Maxwell, Boltzmann, van der WaaK ami .fc'aiis The contrihu ions 
of these mi'n ha\e liecome so faiiniiar that rarely ar<‘ their naiiK's assoeiati'd 
with particular phasi-s, m Imt ve^•tlo^■^ that follow i-oiild tin* naitn's of on<' 
oi mine of the^i' men not he a'^snci.iteji with the fninlamental tlieorelical 
contrihiition. 

The Ideal Gas Laws: The expenments earned out hv Bovh'' ami tiay- 
hU'-sic- on th(' relafloii'hip helween tin- \olnme, pressure, .-ind leinpi-rature 


•f a gas was exprc'-'-etl hy llic'c iii\e>-tigators in the foim of the 
inpirical rilled: 

.\t constant temperature, 


At constant volunn', 

, - 

(1) 

/'I /'() 1 

At constant pressure, 

("»)■ 

(•.i) 

' Boylo. Pftiier road t»<'foro the Itojal Society, ItUil. 

*Gay-Lu88ac, Ann. Chim. Phyg., 43 , 137 (18f}2j. 

69 

(3) 
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whore pt and oo arc (ho pressure and volume respectively 6f a given mass of 
gas at zero degrees Centigrade; ( is the temperature in degrees Centigrade; 
Pi and 0 i are the pressure and volume respectively under the changed condi¬ 
tions. Those three equations may be replaced by a single one, when volume, 
pressure, and temperature vary simultaneously: 

Piv,= poOo ^ 1 + ^ = kT, (4) 

in which i: is a constant eciual to and T is eciual to ( -f 273, i.c., the absolute 
273 

temperature. This equation was first deduced from experimental facts, and, 
at the time of its deduction, had no theoretical significance. The generality 
of the above equation was not overlooked and suppositions were readily forth¬ 
coming in order that its form might be explained. The result was the beginning 
of the kinetic theory. 

The Kinetic Theory: Among the first to suggest the explanation for the 
behavior of gases was Daniel Iternouilli.' The fundamental assumptions may 
be stated briefly as follows. A gas is composed of discrete particles (molecules), 
which have the form of spheres and which are perfectly elastic. These are in 
continual and chaotic motion and obey Newton’s laws. In virtue of this 
motion, the gas has a certain amount of intrinsic energy, and since it is energy 
in its most degraded form, it manifests itself in the form qf heat. This energy 
is composite of two factors—one, an intensity factor, vij., temperature, and 
the other, a capacity factor, or entropy. (Qualitatively, thu hypothesis ex¬ 
plains the experimental facts. The pressure on the walls of the containing 
vessel is due to the, force of the impacts of the molecules. Compressing the 
gas increases the number of molecules per unit volume, and hence the number 
of impacts jier second upon the walls of the containing vessel, i.e., the pressure 
increases. Raising the temperature of a gas at constant volume increases 
the average velocity of the molecules, and hence the force with which they 
strike the walls, i.e., the pressure is increased. 

The above hypothesis also permits of a (piantitativc treatment. Consider 
a mass of gas in the steady state enclosed in a cube of length L. In order to 
calculate the pressure, let it be assumed that the molecules, which are iu 
reality moving with velocities varying from zero to infinity, arc all moving 
with the same velocity, «, which is the square root of the mean square velocity.* 
This velocity is resolvable into components normal to the three directions, 
related to u in the following way: 

Mx* + «,* 4- = «*. (5) 

* lU'rtiouiU), lI.sdrod.Mminirii (iTiiS). 

’ Tho (M|uaro rout of the menu 8(|uaro v eluoity, u, b related to tho average velocity, 
in the foUo>^iiig way: 


iHu 

«• “ \/— “ 0.92u. 

v3t 
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Pressure is a force, and, from Ncwfon s second law, is equal to the product of 
the mass, m, of _a particle and its acceleration, «. 


/ ~ «m = 


du 

dt 


d{u\v) 
~dt * 


( 6 ) 


A molecule with coJtiponent of velocity, in the direction normal to the side 
upon which it impinKcs, approaches this side with imtinentum + nfji,; after 
impact it rebounds with a momentum — mur, the change in inomentnm being 

2mUg. The number of impacts in one direction j)er unit of time is ™ , and 

L 

the total change in momentum in oiu* direction per unit of time is j fli(> 
total change in momentum per unit of time in all three directions is 



r/„' 

'iT 


-I- 


‘2 m H 

" ] 7 ~ 


which exjwession, by e(|Uatioii (o), i^ c()iial to —- ■ Since the total area upon 

which the jwessure is exerted is ti//*, the pressure per unit area is , nr 

whoro V’ is tlie volume of the ciihc If, itistead of otic molecule in the 
3 V 

cube, tliore are a, tlie (‘Xpre^sion for the pressure laavuncs 

1 mn\d 


ami, hiiicc the kinetic energy of llic nnileculcs is i'i|inil tn Jmim’, 

VV-IK, W 

where E is the kinetic encrK.V nt the innlccnles. The kinetic encruy nf the 
molecules, hy one of the fnncliiincntiil nsMiiniitions, is a ineiisnre of 
their heat energy, ainl, since this energy is proportional to the absolute 
temperature, 

pV a T 

or 

pV - IIT, (9) 

in which ft is a universal eonsliint and identifiahle with k in ecpiation (4). The 
fundamental equation found hy experiment is thus 4ei'i'’cd from tlic postulates 
of the kinetic theory. . • 
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Experiments have shown that no real gases obey equation (4) exactly. ^ 
is therefore important to examine the fundamental assumptions to see where% 
unjustified simplifying conditions have been introduced. Firstly, no account 
was taken of the attractive forces between the molecules; such an attraction 
would result in decreasing the velocities of the molecules in the marginal 
regions of the g.as, and therefore the real pressure is greater than that measured. 
Secondly, if the molecules themselves have a definite volume, the number of 


irapacta of any one molecule would be 


L-d’ 


where d is the diameter of the 


molecule, instead of as assumed in the preceding derivation. 


Thirdly, the 


molecules were assumed to be perfect spheres; if they are not, the change in 
momentum after an impact cjii the wall is not necessarily 2mu, since part of 
the energy of translation may have been changed into rotational energy. 
H(luation8 taking into account thes(! corrections have been put forward by 
many investigators, the most important of which erpiations is due to van der 
Waals. His equation will be taken up in considenible detail later. 

A gas obeying ecpiation (!)) exactly is commonly termed an ideal gas. All 
gases approximate more anti more nearly to the sttitt' of ide.ality as the pressure 
is decreased and as the temperature is increased. The concept of an ideal gas 
is often extremely usefid and will bit used repeatedly. 

Avogadro’s Hypothesis: Etpiation (!)) is valiil fur a given mas.s of a par¬ 
ticular gas. If the mass of gas taken as a sttinilard is the molecular weight 
(txpressed in grams, the constant R assumes a ilefinite value, and the general 
eiiuntion for any mass of any idetd gas is 


l>v 


M 


nr, 


where m is the mass of the giis eonsidered anil M its molecular weight. The 
experiments which led to the ahove generalisation are also the experiments 
that led to Avogadro's hypothe.sis;' in fact, this hypothesis is embodied in the 
idiovt! equation. Two gases are at the same temperature when the mean 
kinetic energies of their molecules are eipial, 

jHiiud = Jmjud. 

They exert the same pressure when their kinetic energies per unit volume are 
equal (equation 7), 

l(5A'im,nd) = jCjA’piiiiij’) 


where pi and pj are the densities of the gases. From these equations it follows 
* .VvoRluIro, J. do Physique pnr Delomotherio 73. 58 (1811). 
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if two gases are under the sinie cmnJitions of teiiijn'raturc and pressure, 
their densities must be in the same ratio as tlieir m()]eeuiar weights, or 

Pi ' P> = ah : 

The density of a gas is l>y dtdlnilion e(|ual to tin* molecular mass times the 
number of molecules per unit volume, i.e., pi - Vp/h and p. -• .Vuahence, 


.V,af, : A'j/a.. -' nil : ao. 

or 

A 1 *= A i. 

This equation expresses the \ery impnitanl giuierali/ation of Avogadro, that, 
in equal voluim^s of gases under the same conditions of lempi'ratun* and pres¬ 
sure, there are tlie same number (d molreules. 

The facts embodied in the above (’(piations :iie in agreement with the 
observations of Cay-Iaissac and liiimboldt that the leading\olumes of gaseous 
substances at the same ttunperaluie and |u-c-suie are in the ratio of small whoh' 
numbers. According to one of Dalton's fundaimuita! assinniitions, diemical 
reactions take place only betwi'im wholo nmnbiUN of atoms, fiom winch the 
following c.\|)rc.ssioii is <3l»lain(‘d, 

mi • — iiiQi : fiJJ:, 

where tii and th are integers and Vi and Vi an- slnicliioniotrical weights of th<' 
two gases. From equation (10), 

pi : pj ' ail : iH': ~ UiVi • 'hVi- 

Vi Q-: 1 / 

The densities of the two gases ..iuat, respedively, to - and where t i 

and V -2 are the reading volumes. Hence, 


or 

I'l : V-i - fi'i : »!■ 

This e(i.iati..n cxpiv-scs iiiallicM.ali.ally the nhs.avation „f Cay-l.usKU' in 
connoctian with viilunic ri'lMdnn^hiii' af ksm'oiis n aclanl.'-. 

AdiabaUc Expansions; I,i ChaphT II il «;.s h ani.Ml that the inlcTi.al 
of an ideal gas at .■onstant (ciapiMaturo is iii.h'iicndcnt of its voIuimo, i.o., 

(= 0 In the same chapter it was als(j Icarrjcil that Ah - q - 

\ BV It 

where w is tlie work done l,y the syslcn, atid q is tl.c heat ahM.rhed from tlic sur¬ 
roundings. Since Ah’ is zero during the iHithernnd expansinti uf a perfect gas, 
a. = 0 , or the work done hy tl.e sy.sletn is e.ptal to the heat td,sorbed. Con- 
sider an ideal gas expatiding in a theiniidly insulated vessel {q - 0). Two 
cases are to be eoirsidered, one in whieb the gas [auforins work hy expandttig 
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against an external pressure and another in which it expands against zero 
pressure, and therefore does no work. The first case is realizable in a mecha¬ 
nism as illustrated in Fig. 1, case I. Under these con¬ 
ditions, the gas at pressure pi expands by driving the 
piston P from position Xi to position ij. In this case 
the gas docs work in amount equal to or less than 

Rln - (the inequality or equality being valid, de- 

Vl 

pending upon the reversibility of the expansion). 
Since q is equal to zero, this work must be performed 
at the expense of the internal energy of the gas, i.e., 
the gas cools. In case If, where the gas expands 
upon puncturing the diaphragm /), no work is done, 
and the tcmixraturc of the gas remains constant. 

The dillerent processes may be visualized in terms of the kinetic theory as 
follows. In case I, when a molecule strike* the piston, which is moving (it 
matters not how slowly), it will rebound with a lower velocity than it impinges, 
since its motion has beem effective in driving back the jiiston. This diminution 
in velocity of the molecules striking the ])iston means a diminished kinetic 
energy, and therefore a lowering of the temperature of the gas. If the piston 
had law'll suddenly moved to its final iiosition with a velocity greater than that 
of any of the impinging molecules, no diminution of the velocity of the molecules 
would have occurred, and there would have been no cooling effect. In reality, 
this is exactly what happens in case II. When the diaphragm is suddenly 
punctured, the gas molecules pass through unaltered as 
regards their velocities, and, therefore, there is no 
cooling effect. 

The pressure-volume relationship during an adiabatic 
expansion may be obtained in the following way. In 
Fig. 2, AH is an adiabatic curve, obtained when |ires- 
sure is plotted against volume. The change x-Ut-i/ 
may be thought of ns carried out in two infinitesimally 
small steps, one at constant volume and the other at 
constant pressure. If is the specific heat of the gas at constant jiressurc 
and (\ its specific heat at constant volume, the total heat effect is 

C,{dT), + C\(dT).. 

Since the change is an adiabatic one, this sum is equal to zero. Employment 
of the equation ;w = RT gives, by differentiation of tenqicrature first with 
respect to volume (at constant pressure) and then with resiiect to pressure 
(at constant volume), the following expressions; ' 

f^) = P. f^) = J’, 

\dp/. r' 

Cp---dv + C,- - 'dp = 0. 

R R 


A 

2^-\y 


Kiu. 2 


Cose I 




1- 

Case n 


0 


Via. 1 




THE GASEOi’S STATE OF AGOREGATIOS 


75 


0 liT RT 

If _?is replaced by 7 and f) !>n<l !■ t)y their ('(iu:ils and , respectively, the 

C, ' '■ t> 

following equation is obtained: ’ 

or, integrated, 


de , Op 

7 - 1 -- = 0 

I- p 


(ID 


7 loj; f + 1'*^? I> - 

= (‘oiistaiit 

or, in an alternative form, 

7V>~' =r 

The maximum work ohtainalile from an inliahatic (*\|iaii>ion may 1 m* caleii- 
lated in the followiiiK way: 

(Ir 

-'■.1 

where /; = fm* or, integratial, 

, ,, . (12) 

1 - 7 

Diffusion Through Capillary Tubes: The phenmne.. of giiseous dilTiisiou 

eanhcstrikinglyvisualizednithlheahl of tin. hinelie theory, bet ,1 (I'lg. ii) 

he a vessel containiuK an e(|ui 



molecular mixture of oxygen 
and hydrogen, eonneeted hy 
capillary tube^ to the v(‘>i'el Ii 
in which a vacuum is main¬ 
tained. Providetl the diaim'lrr> 

(d tho capillary tubes are min li 
smaller than the average dis¬ 
tance between molecules, it is I'ni. .{ 

found that four times ns much 

hydrogen diffuses through the ...'is oxygen. Only th.. «hi<,h 

strike the openings of the tube «dl ddfns,.. Although ther,. ,s the same num¬ 
ber of each kind of moleenie, the hulr..gen nmh...nles are moving with 
much greater velocities, and therefore more of them w,I strike the op.,,,ngs 
per unit of time than oxygen moleenles. |.'rom equation (,). the velocities of 
the two types of molecules arc gi\en by 

/' _ ^ j 
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Sinfio n k the siiine in the two ciihcs, 



Tills iintiios that hydrogen lias four times the chance of diffusion that oxygen 
lias, and therefore its aceumulation in the evacuated vessel should be four 
times tliat of the oxygen. I'lvidence eonfirniiiig this deduction was presented 
by Graliam ‘ from Ids experiments dealing with tlm diffusion of gases through 
jiorous plates. 

in tlie above experiment, the uncfiual rates of diffusion of the two gases 
cau.ses tlic mixture in A to become relatively riclier in oxygen. As before, 
veshid A is filled with a mixture of hydrogen and oxygen, each initially at a par¬ 
tial pressure of one half atniospln'i'c. The vessel li is connected with an ex- 
liaust pump. Tlie number of oxygen molecules which strike the openings of the 

capillaries in time <U is eipial to K ■■ - - Ni/f, where K is a constant depending 

on the dinnmsion.s of the apjiaratus, N is tlie numlier of oxygen molecules 
pres<*nt in A during tlie given interval, <ll, and .l/o, is th«‘ molecular weight of 
♦ixygen. Ujion integrating tliLs expre.ssion, it is found that 

. N A' 

In — = —— t, 

No 

where jV^, is the number of oxygen molecuh's initially present. Since S' and 
JV(, are proportional to the final and initial partial pn'j'sures, respectively, 


Similarly, for hydrogen, 




/’...I. V.u,„ 

, /"• = . 
Kit, V,W,|. 


If / is the finie necessary f()r the total pres.^ure to fall to one half its initial value, 
/ may b<‘ eliniinalial, 


Since 


In 

Puin ^ 1 


Poll, 


Pm, ” Poll, ~ 

hip*, - htp„, = hil, 

'4 = 1 . 

Put ^ 


‘ Phil. Trans., 136. 673 (IMG). 
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and, since Ph, + Po, = I, 


Po, . 


4 , Po 


1 

Hi 


Thermal Diffusion; Die upparafus nved l>y Ih'vnulds ‘ in ids study id 
thermal diiTvisioii is shown in Ids, 1. T1 h‘ tno (‘handx’rs, .1 and were 
connected by capillary tubes /■', made of 
meerschaum, and also by a tulie of com¬ 
paratively large diameter, containing tin- 
tap F. M was a manometer. Tlie cham¬ 
ber B was surrounded by iei- and 1 l\ 
steam. A gas was iiitnnluced into the 
cliainbers, and, with the tap F opi-n. mpii- 
librium was obtained. When tap F w;t^ 
closed, the pressure in the hoi chamb<'r 
increased, as indicated bv tin' inanonndor 
The difference in ])re''snr«‘ in tin- two \ 
reached a detiiiite amoinit, ulmdi was a 
maximum when tin' original ]irr.-''iire was 
of the order of one or two eentinn'ters of 
mercury; at one atmosphere jire-^siire, the 
<lilTerence was not iiereejitihle The |.iw(‘r 
the original preN^iire, tin' giealer was (he pi-rcentage difh'reiiee in pie.ssiire, 
registered. 

If Tz and 7’i were (he tnnperatuio.^ of Hie hot and cold chiimlnTs respec¬ 
tively, then, when tap F wa- open and there wa’' llierehire lio pre^.-viiia- thlTereiiei', 
the number of nioh-eule-' in .1 wa^ iii\ei^elv iiroportional to T;. (lie tiunilier in 
B was inversely pniportional to 7’i Wla-n taji /•’ was closed, the iiuniber of 
molecules leaving .1 was iiropnrtional to tlie niiinl>er present ami also ti> tln'ir 



average velocity, i.(‘., jiroportiniial to 


ainl also 
T: 


to V7d, or jii'opoilional to 


their product 


Vr, ‘ 


I.ikeuisj', Hic number leaving H was propoilional (o - • 


Since -:t=:r nmre left H than left .1, and Hie iire.ssun' in A increased. 

V7’i V7’i 

The problem of thcimal tlilTii'-ion lias leceiitly aeijuircd considernble im¬ 
portance by ri'asoii of Hie pu-sil,ilitv of its ii'c in the se|)aration cif gasi-ous 
isotopes. It has bei'ii shown theojetieallv ' and expennieiitally that if a 
gaseous mixture is present in a container one portion of which lu kept hot, 
and another eold. an equilibrium is attained in wiiich tbcri' is an increasi-d 
concentration of the laamr or hca\ier molecules at the cold end and vice versa. 


* Reynolds, Phi 7Va;c. \ isTo 

*En.skoK, Physik. 7.. 12, (lUlli, .Ixe. 38. 7’iU (lUliij. t'Intpmiiii, Phil. 

rran-o, 217 A, ll.'» (lUlO). Plnl..\Pr(j.ii 

* Chaptnan and I>i’uisiiii Phil. Mon . 33.1'tS 
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For a mixture of two iHotopcH, C’hnpman has deduced ‘ a relation which has 
been piven by Mullikeii * in the form 


T 

till 2 - kiln — 


17 Mi — Ml ' xiXi Ti 

T* aiS - 8.25 xiX2^ T 


for molecules which behave like elastic spheres. Atij stands for the difference 
l»etw(s*n tin? valii(?s of in tin? two te!np(?ratur(? regioiiH T and T of molecules 
of mass M\ and Mi present in mol. fractions Xi and xz originally. Actually 
in tin' (;a.se of a mixture of hydrogen and carbon dioxide, ki is only about J to 
5 as large as the above e(iuation indicates since the Molecules <io not behave 
as elastic spheres. Actually thermal diffusion is a much weaker agent f(ir 
isotope separation than ordinary diffusion. It has the advantage that it may 
be adapted to rapid continuous operation. 

MAXWeiPs Law: The mean value of the molecular velocity which has been 
used in the derivation of the expression p — Jninw^ is not the arithmetic moan 
of the velocities of all the molecules, but, as already dehned, u is the velocity 
which, if possessed by all the molecules, would give rise to the same kinetic 
energy and the same pressure as that given by the gas with its random distribu¬ 
tion of velocities. The problem of Maxwell’s <li.stribution law is to find nut 
what fraction of all the molecules have any given velocity. That all of the 
molecules do not iM)ssess the same v(?loeity requires no calculation, for, if, 
momentarily, they all <lid possess the same v(‘locity, collisions would immedi¬ 
ately disturb this uniform distribution. For the solution of this problem, 
recourse is had U) the concept of probability. Since the number of molecules 
present in any measurable amount of a gas is so enormous, the results obtain¬ 
able from probaiulity considerations apply with great exactness. The ex- 
prr.s.sion for the distribution of velocitie.s in a gas was first derived by Maxwell; 
later, by different procedures, by Boltzman, Jeans, and others. Many of the 
(h'rivations have been criticized; one of 
the simpler ones is given here, the con¬ 
clusions of wliich, at least, are beyond 
question. 

The problem resolves itself into tlje 
bdhnving question. What fraction of the 
total number of molecules in a gas have 
vclocitie.s between x and x -f- dx. The 
velocities at any moment may be repre¬ 
sented both in magnitude and direction 
by distances from the origin 0 (Fig. 5), 
the components of which are measured 
along the three axes W, and Z, at right 
angles to each other. The length of OP for instance represents the velocity 
of,a molecule which is moving in a direction parallel to OP; w, y, and z are the 

‘ Phil. Mag.. 38. 1S2 (HUD). 

* J. .tw. Chan. Soc., 44. 1035 (1922). 
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jomponcnts of velocity along the chosen axes. The nssimiption is made that 
L\ y, and z arc independent of one another. Tlic total number of molecules 
s denoted by n, and the number whose w-coinponent of velocity lies l>ctween 
w and w + dw is dni. This number is pro|>ortional to to du\ and also to 
jome function of the component of the velocity w. Hence, 

drii = nj{u')dw, ■ (14) 

where/ is some unknown function. If imw dn-: are the number of mole(*ules 
having «'-eomponents of velocity lying between w and ic + die and simul¬ 
taneously having f/-eomp(inents lying between y and y -f dy, then the same 
reasoning gives 

d>h - dfuj{y)dy = ;i/{.c)/(i/)d,edi/.> (15) 

Similarly the numlier of molecule.^ having simultaneously components of 
velocity lying between w and ?r -f dir, y and y -f dy, and : and z + dz is 
given by 

d»i = iffUi')f(y)f(z)du'dyd:. (Hi) 

Kacli of this numlier of molecules will be r('pre>eiited l»y points .similar to P 
(Fig. V), and, from the above rea'-oiiing, tliis numlier is proportional to the 
volume element {dirdydz), to n, and will depend al>o on some function of tlm 
distance, OP (tliat is on some function of .r), but will be inde])endent of the 
direction of OP. This last statement is based on the assumption that, at any 
moment, as many molecules of a gas are moving in one direction as in another. 
These facts are given by the expression 

duj — 7iy?(j)dirf///dz — iiy){.p)dinly<lz, (17) 

where and (f> are functions of .r surli that v'f '') = 

I{>r)f{y)f{:) - ^(x^) - <t>Ur- T y* T z^). (IS) 

DifTerentiation with respect to u- \ields 

/'(''■)/(y)/(’b/ir - f y- f 2 -)l’frdic. (19) 

Division of equation (19) by (bs) gives 

^ . 

J[tr) (^>(ir* -}■ >f -f Z-) 

Differentiation with respect to tlic otlier eomjxuients and .subsequent divinioii 
givc.s the eijuations; 

UW ^ ^ jj'iz) ^ <#>'(»;■; + y; + z^) ^ ,20) 

2»7(ir) 2y/ty) ’Izfiz) -f if + z”) 

* This step may jjood fiirthor aniphfi'Miinn. The i>imilx?r of molc<'nleH liuving y-rom- 
ponent* between y and y + rfy 

dn = td(lAdy 

as before, ‘but n molecules are no loiiRer being considered, only th'»ijc having w-rompononU 
between and u> + dv. viz., dm. 
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The constancy of - is clear, for the first members of the series of 

+ 7/2 + 2*) 


(•(Illations (20) depend upon w, y, or z varyiiiR singly while 

4>{io^ + !/■ + 2^) 

depends upon w, if, and z varying siniultaneoii^ly. The function / must 1)0 
such that it satisfi(!s the above condition. By trial, 


fiw)- 


is found to do so, for 


1 (Iw — 2(ihwe 
2(e 


= - ft. 


( 21 ) 


( 22 ) 


(23) 


2ieat; 

in which (expression n and ft are constants. Then 

linmmz) = n’c-''"" 

or 

The constants, n and ft, ciin be evaluated readily in terms of the average 
kinetic energy of the gas molecules. The number uf molecules, dii, repre.scnted 
in t'ig. ’) by points lying within a spherical simll of thickness f/.r and at a distanei? 
X from the origin is proportimud to the volume of the sin'll 4n-xV.r, to n, and 
to the function of x jii.st cvalualxd. lienee, 

(24) 


tin — Ijto 

J iln ~ lirnhi I .r’e '’■‘'dx, 
u Jo 


n — ^l^^dn 




1 


4Vft< 


If the average kinetic energy uf tlie moleiaile is given by 2 n^Xo^ then 

/** 

I 1 j-j-<''’'‘dx, 


UmiXn" = I nr lirid/i 
S\lr'' 


Xo* = 


and, from the value of a found above. 
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Sul.)stituti(»n of these values for « aud h iu e(|Uation (24) gives f«)r the number 
of molecules, dn, having velocities between x and x + dx, 


dn = d * ' ■ /i.ro' 
\ 3r 

’.r, 

(25) 

The average velocity of the molecule, .ii 

is given by the expression 


/'* 


Xi j dn - d - ».ru 

do 

■■'ulx, 

/Ii 

J-i - d * - Jo'^ 
\?r 

ir,d 

it 


ls~ 



Xt -- *!— ’/o 

0 IV.'j-n. 


\:>T 



If eipiali'iti (2’)) I" u>ed to plot niimlH 

r.s of nioh'euh 

s against their vadoeities, 

a I'lirve 'if the form "hown in Fig li 

Is oIi(aine<i. 

'Fhe total number of 

moieciih's i-* given by th('_area inelmh'd 



between th(' curve and ihe a\l^ of .r. 


B 

Tin' total number of molecules is 



given bv the integral 

j\ 

1 


/ 1 

i \c 

1 C-'li) 

y 1 


where ft aii'l d an‘ cousl.-inN at :i 

E « 

•tl«L D 

given teinpeiat lire. 'I’lie fill III of 


A| 

I' lo. 0 

eipiatioii (2til 'liows that there ale 



few niob'cules having velocities that ai 

' veiv large or viy small. A ealeu- 

hition -hows th;it over niin-tv per emit 

■ f them have 

veloeities lying lietwer'll 

[i, and 'pii, <-oirespondiiig to the aie.i 

\li<'l)E in 

Fig. li 


It i*- now n(‘'M*":trv t<i (Mii-idcr wliat I'lTi'ct tin’ idra of tin* vaiiatioii of 
niolcciilar \cliiciti»‘'« ha'^ on ihn dctnatioii of the iilral ga'' law and the diMiiic- 
fioh-' made far. The |>ir‘*vina‘ cxci I'd )'\ om* molcciih- moving with veloi'ity 
/i in unit voiuinc wa^ >hown to lie SiippoM* a Maanid molecule is 

prcM'nt with \ei(icity i then the total prc'^^ure will be 

)- Jmrr, 

Hence if there are n molecule'* present, 


where 


P = 5"* ^ 

a 1 

.rd + /2’ + ■ • • 


I 
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H(^ncp, tlic cciimtinn pv = IE is not affected. The velocity of gas molecules 
wilciiluted from the expres.sion pv = ]mnx,' does not give the average velocity. 
From the deductions made hy Maxwell it is seen, li(]wcver, that the average 
velocity x, is given hy 




and ilid iin|M»rtiint point to note is that tlic avmgo volocity dilT(‘rs from tho 
velocity thus fur conslilcnal by a coiistunt wlui-ii is independont of tho nutunj 
of tiu! gas. Ilcnco, the conclusions us to the relative rates of diffusio?i of gases 
through capillary tubes are not affected by the variation of molecular velocities. 

When a gas expands into an evacuated space {case If, Fig. 1), it is prr)bablo 
that tho faster moving molecules will enter this in greater numbers than the 
slower moving ones and thus tho temperature in the newly filled sj)aco will bo 
higher for a brief time before ecpiilibrium is estabiishetl; wlien this is attained 
no temperature change will be found to have occurred. 

Effect of Gravity on Gas Law: The probability of uniform distribution of 
tlm molecules of a gas in an Uolatal .v/a/rc is inhercuit in tin* molecular theory, 
on the supposition that the number of moh'eules per cubic ceutimeter is ex¬ 
ceedingly great. This is not the ease and not to be expi'cted in a gravitational 
field. Consider a molecule oscillating through a distance ilS between the top 
and bottom of a flat Ixix. Let its velocity, when it pas.ses through the 
center of tho (listane(! dS, be A'. The time taken for the molecule to reach 

the top or bottom from this point is -- • Due to the effect of gravity its 


velocity at the bottom will be A' + p-—and at the top it will be A" “ * 

Since the pressure' is given by the change of momentum times the number of 
impacts, the pressures at the bottom and the t<tp will he given respectively by 


2»i^.V 


,IS \ 

^:vj■ 


.Y 

■2(IS 


and 



dS\ X 
^2A72(/6’‘ 


Hence, the difference in pressure Ix'twecn the top ami bottom is the weight 
of the gas molecule. 

Therefore, in a gas, the pressure must gradually decrease from layer to 
layer with increasing distance from the earth’s surface. The jmessurc at any 
point is greater than the pressure at a point higher up hy an amount ecpiivalcnt 
to the weight of the ga.s between. Tho variation in pressure with distance Ls, 
therefore, readily ealeulatod. 

The density p of a gas is defined ns (lie weiglit of one cubic centimeter. 
This quantity varies therefore with the tem|)eraturc and pressure, the connec¬ 
tion between the three being given in a convenient form by substituting the 

Bpccificationa of the definititui in the gas law pv - ~RT, where R = 0.0S2 when 
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p is nioHMired in atniosphorps ami r in liters. That is, 

,,■(0 001 ) = I /rr 

ilf 

or 

itioo/r/’ 


( 2 S) 


l«‘t l»<‘ tin* |in‘'sun‘ at f)n‘ carthV >uifacf and /» lio llu‘ prn.vsun* 
at height /t. At a lii^taina' li -} iM, Irt tlu* In* p -- i/p. It follows 

from tljc prorndinj; that, if /) i** »‘\jm*s‘>(*(l in >>rain> pt*r "(j. cm . 

— tfp -■ p<lh, 

or, if p is cNprcsM'tl in aliiio.'plicrc'', ami p in Krani" prr cc , 

— lOXhIp "■ pdh, (29) 

\vh(*rc p is till* rh'iisitv at liciulil h and ilfi is small. Suhst.lujiim in this ctpiatinn 
the value fi>r p ^i\<“n in (2S), (li<-ie n-sidls tin* e\[iH‘s,sion 


'I'liis eipiiitioii has hccii fttiiiid to hohl o\oi a rann«‘ uheie the force of 
Kra\lty i-an he taken :is eoiistanl. On inteiiiatu'ii, it followh that 

!'< ^ , ,„h I- /. (:jo) 

The inteKratioii eoiislant I m.a> he (‘vahi.alrd hy M'tfinn p ■- po when h - 0, 
whence 

In ' - / 
h 


P i,(}:{;5,i)0()/t*7’ 

Specific Heats of Gases: The eiiei^y of a itas at feiii|)('ratuj‘(* T i> niveii 
hy the equati(m of tlie kinetic tlieoiy 

}■: --- ]pr - IHT. 

Hy definition, the specific lu-at of one t;iani mol. (if a jeas at constant volume i.s 




l ixm this hiisis, the molecular heat of a gas sliould he independent hotli of the 
t<'niperature and tlie nature of flie gas. dins lias been coidirmi'd for all 
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nuHiiitoinic gjises so fjir exaniiiKMl within a wide temperature range, the gases 
ineluding helium, argoti, krypton and mercury vapor.* The u.se of the “ox- 
plosion method” of lierthelot^ hy Neriist’ and coworkers (sec Chapter VI) 
has |»ermitted such nusisurements to he carried beyond 2000* C. With 
monatomic gases the al)ove conclusion is verified even at these extreme teinper- 
atur<‘s. bow temperature measurements by Kucken ^ on helium have shown 
that the same holds true with this gas at the temperature of liquid hydrogen. 

h’or all gases other than monatomic gases, the heat capacity at constant 
volume is genendly greater than \li and it varies with t(‘mperatur('. The 
simple kiiu'tic theory is inadiaiuati; to the explanation of this, and, as a con- 
seijuence, additions tfi the the»uy become imperative. The additions take tlic 
form of assumptions with regard to the natun' and structuri' of the molecules. 
The interpretation of specific heat measurements is impossible so long a.s the 
molecule is regardial as a mathenialical point. 

The principle undi'rlying the discu.ssion of tlu* specific heat of gases from 
tln^ standpoint of molecular kinetics is known as tin' principle of etiuiparfition 
of energy deduced l>y Maxwell and Ihiltzmami nuiking Use of statistical 
mechanics. The principle a.s.serts that in a systmn such as a gas compose<l of 
inniimeralile moving parts, energy will be distributed e<ju;dly along evmy 
degree of freedom. Degiaa' of freedom is the name giMui to each [lo.ssible mode 
or jMi.ssible direction of motion of a molecule According to Maxwell, the 
inotimi of a monatomic gas molecule which is moving freely in space can lie 
fully described by three momentary compoiienls t»f its \eioeity along tlin'c 

axes of a ... system in sjiace, eacli axis at right angles to the otlier. 

In such circumstama's tin* molecule po->se»-scs, according (o Maxwell, a three¬ 
fold fn'cilom of traiislatory motion or, allcniatixely, has three degrees of 
freedom. 'I'he energy of a molecule lesoheil into these three components 
ic, y and z is 

Iniir- ]inif -f Jin-:’. 

For all the molecules present in a given space it follows from the diseu.ssion in 
preceding sections that 

J/iiti;''' - Jail/- ~ \m:- - Jpu = J/iT. (Ti) 

A (pianlity of energy e<|ual to \RT is therefore assigned to eaeh of the thns' 
degrei’s of freedom of transintorv motion of the monatomic gas, correspomling, 
therefore, as alnauly set forth, to a heat capacity of ]R calories. Any gas 
molecule whether monaloinic, diatomic or polyatomic may posv(>,sj, fransiatory 
nudiou witli tliree degrees of freedom, may have, therefore, (‘iiergy in virtue 
of Iran.slutory motion equal to \RT or lieat capacity in virtue of translatory 
energy equal to calories. 

‘ pnr till’ lcclini»aH' ef .huc 1\ spocilir heut iiu-:i'im'iuvii(', m’o (‘liaptiT \l, wlicre stnor.il 
im'lhnUjt ao' kIm'Ii as well as s«»iiu‘ 4tf ihe cxiioninrnl.tl it‘'ult->. 

•(’tiHijif. uiui, 95, rJSU (I'sN-). .Wni. Chini. (<») 4, 17 (lS.S.*U. 

’ Pier, X. EU'ktiorhcni., 15, .VUi UUO'.l). 

* lUr, «/. lihyxik. (ns., 18, -1 (l'.M(i). 
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With other thnn moimtinnie {lasON. at leo'-t two other typ(‘s of motion must 
be considered. Tlie two .‘itom> in a diatoniii' molecule tnay pos.M's.s an intni- 
inolecular motion of tlie two atoms with re'-{>eet to one aimther, a type of 
motion giving ri'O to wliat may lte termed \ilirational eiu'rgy. Such energy 
wdl he both kinetic and potential. The nnttiim will be unidirectional or 
linear, along the a\i'- of the diatomic molecule. On the Maxwell <-oncept, 
tlu'refon', oiu' degree of frei'dom wouhl be a^igiKMl to such motmn With a 
triatomic inohaulo it i" <'\ident tli.at theie would be fhre<‘ directions along 
which such linear Mbralion-' couhl occur, and, in’nc(‘. three degrees of frecalom 
might therefore be e\pc<'i<'d. 

In addition to ti.inslatorv and \ ibratory motion there is also tlie possibility 
that a ga'« nmlecuh* po^xi's^c" energy of rotation. l''\'en monatomic mol<'<*uh‘s. 
since they have \i)luine, limy poises' ittl.alor\ molion in addition to translalorv 
motion Thc'p' may It a "pin "f the molecule as .a whoh* about its center of 
gra\ily That any energy accruing to a nionatoimc molecule from such 
motion Is 'inall (ib\ lous fiuin the fact alrcaily staltal that, over a wide temper¬ 
ature r.inge, the heat capacity nf a monatomic g.-m js !/i’ caloiies corrc''pondMig 
to tin* three t|egie<-« of fjecdoiii of traiislaloiy motion Tin' reason for the 
ab-'cm i’ <if rotational motion in a inoiialoimc gas is not. yet clear, though tin* 
applicatii'ii of (|uaiitum tlu'oiv nm\ 'er\e t<i elin idale this pjiint in tin* fuluia* 
('■('<* Cliaj'ler Wn A diatomic molecule -liouhi po-vess rolatorv motion 
brouglil about b\ coHi'ion with other nnilecule- din* two atoms of the 
molecule would dev<-nbe, a*' a le-vull of collmion, niciilai oibils around the 
HUiter of gra\il\ of the nioiecule ’I'he motion would lx* two-diiec(ioiial. 
iC'oUable along two axe* at light .angles (o oni* .•iiiotInT d'wo degrees of 
fieetloiii might theiefoie be a"igned to >'U<*h motion. I’or a tiiafoiiiic gas, 
in which all the atoni' w* !«• ^limited .dong a gi\eii a\i-, two degrees of fn*edom 
of rotational motion wouhl be po'-ibie li> Iliie<‘-ditiiensmtial arrangement.s 
of tin* atom- with ie«.pec| to one aiioihei tliiee (h gree- <if freedom of roti.tional 
motion migiit be anticipated 

IAperiinciitai measuti'nienl -Imw- that diatomic ga-es im\e varying values 
for the moh'cular heal at oidiimry leinpeiatiiK - and show an iiicri'ase with 
Hicrea-iiig temperature; thm i- evident fioin the following data for Ivpical 
iliatoiiiic gases. 

Tin* explanation (.f the^.j- re-iilt- i- bv no means estaiihshed. It is generally 
agreed tiiat diatomic molecule- po—thiee degree- of f|-eedom in \iit,m* of 
translation. Tw«» degrees of fieedoin ma\ be assigin’d to tlie molecule in 
\irtue of rotational motion. Kruger' would deny the possibility of rotation 
but would substitute a motion w Inch nia) be termed “ preeessiomd vibration/' 
the iiicjh’cule pos-e—iiig g>ro.-<*opic propeiiie- bniiight about by reason of 
molecular collisions. It i- custoinarv idso to a.-cribe to a diatomic inolecuh* 
a ilegree of fn'cdoin in virtue of linear vibration of one atom with resjiect to 
tin* other. Vibratory iiioimn involves both kim-tic and pob-ntial energy to 
eaeh of which an energy ipiantily ecpial to \liT might be assigm*d. Krom 

' (i>‘U. \iichr., PJUS. Pfij/tik, 50, 310 (P.IIO), 51, loO (llllG), 
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trandlntion and vilirntion an energy quantity IRT would result, corresponding 
to a heat capacity of jff = 5 cals, per mol. per degree. From translatory and 
rotational energy alone a heat capacity of 3 cal: per mol. per degree would also 
result. If rotational and vilirational energy were both included, the quantities 
would be rahsed to UtT for the energy and iR = 7.0 cals, per mol. per degree 
for the heat capacity. 

TAOLU I 


Mor.KciJiiAU Hk.m'k at 
Hydromett; 

Nitrfjncu: 

Oxygon: 


CIoNSTANT VonUMK : 

r„. (0 2200“ 
r,. {0-2.W C.); 

(0-2500“ c.): 

r,„ (0-2500“ 


KTWKKV 0“ AND /i“ 0. 

■1.M7 ‘ 

4.70 -|-0(M««HiJ 
4.700 -I-0.00045P 

4.900 + 0.(MH)15P 

4.i«)0 4- 0.0(H)J5< 3 


Ilydrftgt'ii ('lilnridw: f',,, (0-2200“ f'.); 4.98 -f O.OOOIH/* 

(■lilnriuc: C\ (18“ (’.); 0.00* 

(IK 027° r.); 0.<W9* 
r„. (IV 1027° 0.K2O* 

r„(lS H27°(‘.); O.S95^ 

(IS 2.427° (•.): 0.9S1 I 

' LimdoU-Unriwtcin TuIh-IIi'h, 1924. 

* Wold. Z. I'jlrkiiorlinn., 30. 40, 49 (1921) This juipiT givos ii fidl Irfatiiii'nl of (he 
niciiM molcoiiliir licaOs of h.\drogfii, fhlornif ami hydrogen i hloiide fr<»tii (In- siandpoiiit of 
ox|aTiriii'iil mid i)ii!iiihnn therny of gimt's. 

* Z. hUiklrochrm.. 16. K9K (1910). 


For triiitoniio Ka.s(*s, in a similar inannor, one iiUKlit oxpoct tliron tl(‘;frp(\s 
of freedom in virtue of translation, tliter* in virtue of rotation, three in virtue 
of vibration, from thn'o pairs of vibrating atoms, this latter motion involviuK 
l>oth kinetie and potential (Uierijy. Translation and vibration should give a 
heat capaeity of ‘d eals. per mol. prT degree; tran.slation, vibration and rotation 
should give a value of 12 cals. prT mol. jau- degree. Typieal triatomic gases 
vary widely from this predietirm. Water vapor at oO'^ C. has a molocular 
boat of about 0 eals. and at 2000° ('. about 10 eals. (’arbon dioxide has a 
heat eapaeity of 7 eals. at room temperature and 10 .’> eals. at 2000° C. 

The continuous variation of In'at eapaeity with temperature is not explicable 
on the basis <»f the prineiple of e<|uipartition of energy. Fapiipartition would 
involve a constant molecular heat <tr at least a ste{)-wise change in molecular 
heat by HI2 cals, as a new <legree of fnaalom involving a new tyj)c of energy 
became established. The quantum theory has been invoked, therefore, to 
account for the continuous nature of the increase in heat capacity with temper¬ 
ature. It has been assumed that tlie r(»tational and the vibrational energy 
are acquired by (pianta.^ Fueken’s th'tormimitions of the molecular heat of 
hydrogen at low temperatures * sijow that at do® K. the molecular heat has 

*St'o (’hiiptor XVI. .\ls(>. Hjerrum, Z. EUKlriKhtm., 17. 731 (1911); 18. lOl (1912). 
Wohl, Z. Kltktrorhcm.. 30. 40. 49 (1924). 

♦ Her. d. physik. (hs., 18. 4 (1910). 
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fallen to 3 calories, that of a monatomic jjas. Ifydrojjen in this state is evi- 
dcntly devoid of both vilirational or rotational energy. The molecular heat 
at 473® K. is 4.90 wliicii wouhi correspond to three degrees of translatory 
motion and two of rotational energy. In the interval between 35® K. and 
473® K. it is assumed that the rotational energy is acquired in quantum steps. 

Mean Free Path: Tiiat a gas molecule has a detinile volume is borne out 
by experinumtal evidence other than that dealing with .speeitie heat im^asure- 
ments. When two gases are Ivrought in (‘(Oitaet with one another, uniform 
mixing by difTusioii of the gas molecules requires a length of time (piite out of 
jiroportioii to that wiiieli one would expect from a calculation of inoh'culnr 
velocities. This is due to the frequency with which collisions occur. If .Vo 
is tin* average \eloMtyof a ga^ niole<'u|e, then a bric'f laui'-idiTation will show' 
that there will be many (uicounters with other inoh'cules while the molecule 
traveK througli thi" di-tance -Vo ('on'cipieiith. its path is in the form of a 
zig-zag by rea'^iui r>f wlueh a iintleciile may at tin* end of a sei-ond lie clo.si‘ to 
th(‘ point from whnli it slar(<'d, The avoiagc distance a inoleeiile travels 
between tw<i collisiun'- is ealh'd the mean free path, If r is the radius of a 
sphere which gives the average elTective form of a moh-cule, tlnui a collision 
<iceurs with :inothei moleeule wlnm tlie eenter of one reaclu's the surface of a 

spheie of ladiUs suii ounding the first. The chain.. one molecuh‘ hitting 

another is therefore piopoitiomtl to the proj<‘ete«l .aM-a of the others, namely, 
47 ra/% when- n rejne-ents the number of moh'cuh's per cubic ceiitimefer. The 
greater the ehane<' fetr a eollision tin' s||i;i!lcr will be the free path and hence 
the frei* oath ( is inver'clv pi‘p|)oitional to tin* chanci’ of a collision oci'urring 


\-nii 


1 

iirnr 


CU) 


1 


The jproportionaiitV con-tant h has been e'timat<“<l to be by Maxwell.* 

\- 

Tait ’ ol>tained a dilTerent value ftir this eoiistaiit. This factor has to be 
eorrei ted still further for tin- jeiidetn v ttf the direetion in which a moh*eule 
mov<*s to jiersist after eoli|s|oii has taken place. 'I'hese 
calculations are beyond the scdpe of this chapter. 

It Is possible to get an «‘stimate »)f the average 
distance a molecule will move in a siaamd from its 
starting point. Siijipose a niole<aile starts from a 
|M»int 0, Tig. 7, and at the mid of tin' free path a collision 
(MTUrs, then the direetnm after the (•(»llision may In' 
any one so that the molecule at tin* <‘nd of its second 
free path will be at any point on the circle, radius I j.-,,,, 7 

For in.stance, if the molecule just toudu's the one it 

collides witli, then its distance from 0 will be 21 , if it collidi's hear! on it 
will return to 0 and its total dis])laeement at the time of the second collihion 



‘ Joan’s D.Mianiioal Tlieor.v of (lasos. )>p. ^.'lU. (■iuiil)n(lK<- t'. Press. 

*T:iil. Roy. Sue. Edtn. Tranii., 33, 74 {IKHlp. 
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will lie zerii, The average square ili.splacctiicnt S‘ from 0 will he 2P. Working 
on the plan of these averages, the third collision will give as the average square 
displac(‘ment 

2 


Tlio })r(il)!il)ility of t!us is iniulo manifest l)y the diagram, Fig. 7, since it is 
e(liial!y prolialde that tlie molecule will occupy either of tlie two positions 3 
at tlie moment of tlie third collision. Similarly the chances are equal that it 
will occujiy any one of the positions 4 at the time of the fourth eollishm, so that 


^ I ('2/)^ + (2on + (2/y^ + my + o ^ 
' ' ' 4 ’ 


(Jenerally at tlie rith collision .S'* = nP. 

In one second, the number of collisions are equal to--*, where Xi is the average 
velocity of the molecuh's. Hence, at the end of one .second, 

XlP 


.S’*: 




(31) 


or the product of the averag(‘ vi'loeity and the iiu'an free path. The average 
displacement is le.s.s than the avm-age .square displaciunent. Hence, although 
a hydrogen molecule travels with the velocity of 1.0 X 10^ cms. per sec., since 
I is of the order lO' ® cm. the average displacement of the hydrogen molecule is 
less than one centimeter per second. The average' displacement is eif course 
greatly exceeded by a small number of moleeides, for both tin' free path ami 
molecular velocity vary enormously. That the average rate of dilTusion of 
gases is small is, however, not surprising. 

A.ssuming that n is known from eh'ctroly.sis and from the value of the unit 
of electricity (see C’hajiter 1, p. 20), tlu're are two unknowns in the equation 

I ~ — j;,) r must be determined before I can be estimated. It 

V24irm-* 

may be pointetl out that I is independent of the temperature according to this 
relationship. Kxperimental examination has shown that this is not the case 
but this disagreement is in accord with anotlier importajit property inherent 
in the molecules. Hefore considering this, the iiext section will show how 
the mean free i)ath may be measured. 

Viscosity: Viscosity of a fluid is a term a|)plied to the inner friction which 
tends to bring to rest portions of the fluid which arc moving relative to one 
another. The coefficient of viscosity is defined as the force which, when 
applierl tangentially to each sipiare centimeter of a ])lane of a fluid at a distance 
of one centimeter from a parallel plane of the fluid, will give a uniform velocity 
of one centimeter per second to the first plane relative to the second. If ri is 
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the coefficient of viscosity, it follows that 

. F = nT' 

(IS 

where F is tlie foree a})i)lie(l |mt unit area of a plane whose veloeity / varies 
with respect to a iieiKlihoring plane da units (li>tant. 

The (lefiniti(ui of the (•(K'tlicient of \isco>ity is cunihersonie. Its lUeaninp 
may l)e perhaps elmmlated hy ait application to a jirohlem deal.iiK with the 
exjM'riinental method* of measuring the \ lsco^lty <if a fluiii hy its rate of tlow 
through a narrow tuhf*, It i'' a'-'^umed that tin* fluid flow^ in stream lines, 
without turhulent motion, along the tube, a condition wliich is in agremiient 
with experimental e\nlence j)ro\iding the diameter of tin* tube is limited to a 
certain range dejHmding on the n i^eovity of the Iluid. Let 1‘ lie tlie flilTerence 
in pressure per sipiare centimeter between two ends of a tube of ratlins It and 
h'Ugtb L. Due to Niseo'^ity, the cylindneal shell of fluid (piite clo'^e to the 
walls of the IuIm* will be at rest, tln‘ rate ttf flow <if cylindrical siiells incnaising 
the nearer to the center, (‘oiisider a c>lindncal shell, ratlins r, moving with 
a vi'loeity .r. The area of the ('\lintlneal shell is I’jrrL, and, lituiee, the tangential 

force acting on the e\liniier oppo'ilt* to the direetitm of fhtw is — 2TnL -- •>;. 

f/r 

The minus vign >.igiiijics that a^ / (which i' ineasureil fnun the center) ineriMisi's, 
.r dinuni-he'* The force acting «m the (mkI of thi' eyliiuler is Fin~. When 
etjuilibiiuni has bi-en «“st.al>h'-hi‘il, thi“ flow of Inpiid through the tubt' is iniiftirm 
aiul the-e two forces nii^t balaiicf*, srt that 

ii (■ 

Fnr - y, 

ilr 


I - - L /. 
• 21 , 1 ] 2 


\\ hen r - R, x --- I). Hence, 


\l,r] 


[It^ - f’). 


This e\pre*>sion gixts the \elociiv. at sp-idy fh>w', of the cylindrical shell of 
radius r. 

It is difficult, to measun* tin* M'locity t.f flow at any particular point, but 
the total Vfdume IL flowing fhrougli llu' tube per second can lx* readily de¬ 
termined. This i«, given by 

ir = I 2jrr/f/r == I r{IF - r-)dr 
Jo 


t/V* ^ 

8/. 7? 


( 20 ) 


ri ran therefore be determined by measuring P, IL, r, and L. 
‘ Powcuillc, Tend.. 15. 1107 (lH-12). 
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In tlifi of a gas the determination of the viscosity is attended by many 
difficulties. Poiseiiiilc's equation is the basis of the experimental method. 
Tfie (liamet(*r of the tul)c through whieli the gas is forced must have a certiiin 
limiting value to prevent turbulence, and certain corrections have to be applied 
for tlie expansion of the gas.^ 

The viscosity of a gas gives a measure of the mean free path of its molecules. 
That tliis is trin* can be demonstrated by the following argument. Two 
l»arallel planes, A and li, in a gas are at a distance I apart, where I is the mean 
fr(?e jMith. If the matter in plane A has a velocity dy relative to ti)e matter 
in plane li, then the tangential force per sejuare centimeter on *1 with reference 

to li is T] Y . The number of molecules contained in a section of one square 


centimeter and bounded l)y the two planes is hi, where n is the number per 
cubic centimeter, and lln molecules may be considered as oscillating between 
the two planes. When a mohamle leaves plane its velocity component in a 
direction of mass flow of the gas is greatei by dy than that of the molecules in 
plane li, so that when it reaches plane li its momentum is decreased by iii’dij 
and the momentum of jdane H Is increased by that amount. On its return to 
plane A, muly is the momentum given up in the tangential direction; hence, 
the change of momentum iti a tangential <lirection is m-r/y multiplied by the 


number of impacts, 


I 


, wh(‘re A'l is the average velocity of the molecules. 


Hence, the total change in momentum in a tangential direction is a measure 
of the tangential force between the planes .1 and H, and is given by 


BO that 


, d// dy 

'I - liidii = ■ I — y — j 

■■i I I ' I 


T| = InXJm = Jp.Yi/, 




where p is the (hmsity of the gas. Since A'l can be calculated from the temper¬ 
ature, it follows tliat a measuremetd of the visco.^ity enables one to calculate 
the mean free patln 

Maxwell * was the first to point owi that, in agn'ement with the preceditjg 
equation, the viscosity of a gas is independent of the pressure. Thus, doubling 
the pressure will double the (hmsity. On the other hand, the mean free p.ath 
will be hulv(Hl, Tills has been verified within the oljvious limits given by the 
dimensions of the apparatus which must be considerably greater than the mean 
free ])ath itself.'* Since the velocity of a gas molecuh' is proportional to tlio 
square root of the temperature, it follows from the above relationship that the 
viscosity is proportional to the square root of the absolute temperature. This 
has not been found to be the case; the viscosity increases with the temperature 

• SrhullfP, Ann. VhuHik. 5, 140 ^1001). 

* Mwxwoll. Pktl. Triinn., 156. 'ilO (iSSti). 

> Millikan. Phya. Krv., 21. ’J17 (1923). 
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in marked contrast to liquids wlutso viscosities decrease with increase of 
temperature. The incn.*a.«e of paseous visco.sity is more rapid than the one 
half power of the temperature, which means that the mean free path must 
increase with rise in temperature. This is. as will he seen shortly, of the 
greatest imp(*rtance in connection \\ith the molecular theory of gases. 

In the followinp table the N^cosities for a number of gases at 0® are 
given, together with the mean free j>ath calculated by the above relationship. 
More exact result.s are obtained by (aLing into acc<iunt the persistence <if 
directicui of movement and otlicr c«irreclion> of a rather complicated nature. 
The values thus obtaiiie«l are dd per cent stnalhu’ tlian tho-M’ given here. 


rvHI.K 11 

Vi'*iu'»nos ^^|) Mms Fhki Pmhs 



■| 

ij \ 111* 

.V, 

/) X 10* 

1 1 X m* 

Ho 

IVI 

I'-M IKIU 

170 

l!(l 1 


s;, 

ITO.IHH) 

>0 

m 7 

(’() 

mi 

i.yioo 

lio.o 


X: 

lo: 


llOlO 

S7 

<1? 

I'lj 

1L‘ .’(HI 

11.KI 

0 

.\r 

-Ml 

a.s,(M)(} 

1700 

0 .{ 

( <1.. 

l.CI 

.1(1,-'Oil 

I'lTd 



• \ .il’X '. fnr \ I'l u'lft* ' ill 01 lultn’il I'V l\l t-l.uk ^ ' II !‘lnl Mtlif 38, .'iSl* ( ini't) , Itli'lli'll- 
.luf( /ViV'iA. 5. 100 (l'‘Ol,. K .s.hinitl, \nu 30. 1110 (inoO), < o ulumi. /Vm/. 

T'rii'<. s ilsio), Siliiili/«‘, .t'lii 5, 110 ipail), ('/. .Iniii-., I)_Mi:imi<'iil 'I'lii'orv '<t 

(•.IM--., |l ■JS'v 

Conduction of Heat: The mi'ehaiii'ni of the ^•ondu<•lioll of lu'at Ihroiigh a, 
gO'' 1 -* intiinateiv roimcrfod with the jilieiionnoioii of the mean free p;ilh. In a 
ga^, tin- .'•pact- betuem a li\pothelnal pl.iiie .1. maintained at a temperiiiure 
T f I®, and H. rnaintainei! at a teiii|ietalute T'\ may be im.agimMl as being 
di\ided up into >eeljon> 1. d, • • •, efi . bv par.ilh-l plain's di>lant I from one 
another, where / i'^ the nn'an fret- jiatli Hefnre e(pnhbrium has been establislnMl 
the molecule' 111 'cclion 1 next |o plane .1 ha\e a \ejocity greater than that of 
the molccuh"' in the other seiMioii,- A iiioleeule starling from [daiie A and 
mei'ting a inoh'cule from section ‘J will .-haie its velocity witli the latter 
upon collnling, so that thi' inoiei ule will now ha\e a velocity corresponding to 
T -f I®. At the end of it' path tills velocity will be given to a molecule in 
section d, and so on, witli the result that, if the molecules of a gas were only 
nmving in a direction {x'rpi'iidicular li» the planes, the rate at which the in¬ 
creased energy of the nmleciilcs in section 1 would travel wanild be proixirtional 
to j,, the average velocity corresponding to a tem}ierature T -J®. lUjt, since 
only one third of the molecules in each section may be looked upon as traiiK- 
ferring energy in this direction, and since they must conic iiit*) temperature 
equilibrium with all the molecules in their seefion, (he iiicrcaisi-d <‘nergy has to 
travel at right angles in each section and is thu.s diffused. The greater the 
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ijurnbor of scotions tlio lowor will therefore bo the rate at which the increased 
enorgy will travel in the direction perpendicular to the planes and this rate is 
thendore proportional to hi. But, it is not solely the energy due to increased 
velocity which travels in the direction fr()m A to li in the case of molecules 
composed of two or more atoms. The rottttioiial energy is in equilibrium with 
the translatory energy and, providing this equilibrium is established rapidly, 
the amoutjt of energy which finds its way from ,l to li per second will be pro- 
[Mirtional to the rate X\l and to Nn, where n i,s the tmmlier of imtleculcs per 
cubic centimeter and N the degrees (d freedom of one molecide. 

Specific thermal comluctivity, K, is defined as (he number of calories re- 
(piired to enter unit area of jdane ,1 in order that the temperature of planes ,! 
apd E may remain constant, at T + 1° and T res[)ective!y, when the planes are 
unit distance apart. Hence, 

K = klX]Nn. 


Since the velocities of the inolecides of various gases at the same tem))erature 
are inversely proportional to the square root of thi'ir molecular weight M, a 
comparison of the thermai (amductivities should be given l)y 
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Chs) 


T\HI,K HI' 


(‘oMi’MiistiN <ii' 'I’hmimm- CitNiii ( mini 



K X 10* 


M 

k' 

He . . 

a.'Mio 


00 

s.O 

lb . 

:i!»7o 

:> 

1 11 

r> s 

CO . 



.■> 20 

0 7 

N: , . 

i’lii (» 


.*» 20 

'»s 

Oj . . 

.^>7.0 


lUi 

ns 

;\r , . . 

li'.i (I 

.i 

0 .?2 

s.s 

COj . 

a;{,7 

n 

r> i>;{ 

r* .'i 
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The constant k' is seen to be tlu' same for diatomic gases but has a larger 
value for monatomic gases. The explanation for this is perhaps to be found 
in the fallacy of assuming tliat ciiuilibrium is instantaneous. Thus, if K.7, 
the constant for a monatomic gas, is correct, X for a diatomic gas would be 
3 + 2c, where c is a fraction indicating that the increase in rotational energy 
corresponding to the increase in translatory energy has lagged behind. The 
possibility of this has already been touched on in the discussion of tlie sjK'eitic 
heats of gasc‘8. Tliere too it was indicated that, at very low temperatures, 
a diatomic molecule behaves as a monatomic molecule from the point of view of 
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energy content. Tlie thermal comluclivity of hydrogen \n\ii been exiiminetl' 
at very hjw temjKTaturo ami then' the \alue .V “ 3 i.s requinal to give a 
value S.7 to k'. th(‘ii,.i-' in gcMxl agreement witli tlie ^j^eei^ie heat 

ineaMireinent^. 

Attractive Forces between the Molecules: The subject juatter of this sec¬ 
tion may be con\eniently introduced b\ eoii'ideruig the variation «»f viscosity 
of a gas \\ith the temj)cra(nre .V'' lia*- been menliotu'd lM“f(»re, the \iscosily 
formula pn'seiits certain di'-crepanctes ina-'imnli as ('Npennumtal n'sults an’ 
not in agnaunent uitli tin' tlu'orrtical nTifloii'lup that 

n l/Ti “= /.fi.'V'/'. 


SutlH’rlami ' found that tin* nTilion^iu)) 




Ci'i) 


nioic trul\ ie|ue'ent> the e\|*eiiiiiejital fact'- 'I'liU'', / is jiroporlifiiial to 



or, Ml otlier wokN, tlie fiei' patli, /. incM“a“-(‘s with loweiing of the 


ti-mjK-ratitie, I'Urtlieimore. the \aiiie of (' is not a universal cotislaiil but 
Valle- maikidh front ga- to ga-. having the -nialle->t value for helium and 
iiienai-ing liiarkedlv in the older, hvdiogrii, tuliogrii. owgen. carbon dioxide, 
'i'he )}Ue-llon a- to what is the eail-e nf the iiieiia-e III th(‘ mean free path with 
ii-e in iiiolrrular vehicitv call be an-Wi icd b\ a-suinitig that at(raeliv<‘ forces 
exist bftw«e!i the Miolirnlr- it 1 ^ obvioii- that the number of collisions 
between the ga- ntoleeiih - will bi- inena-ed and theiebue tin* mean fn-e )»ath 
ti(M'te.i-«ai by -Iieh bua e- It 1 - al-o ubv lolls that the greater the velocity 
of till" liioleeiih-. the- sliiallei' Will b<- the elfet t of -.uch a foice 111 ti'iidliig to deflect 
tin- inoleeiile I'loin it- path so a- !■> rau-e a enlhvion with ainither Thus, the 
i-xi-teiiee force- of iiiutu.d attiai tioii will ex[iiain the vaiialioii of the mean 
fn-e path with the teliipi-I'aI lire. 

It inU't be pointed out that tin- explanation given alnive is not the only 
po'sihle Diie. The mean flee p,ilh Is iiiveisely juoportioiial to the sijuare of 
the diaiiietei of the m<<h ciile-. If tin- iiioii ( iiles ar(‘ compressible, their average 
diameter Will be <lecrea-ed with ii-e jii temperature due to the gn'ater impact 
on colh-ioii. with the result that the mean fu-e path will be increased As will 
be SC"!! later, the compre-'ibility of the inoleeiiles may jilay a part in the varia¬ 
tion of the mean free’ jiath, but vvlial is known of the eoiiipressibility of the 
molecules makes it iinpo^sihle to aeroiint for the value <if (' in Sutherland’s 
eijuatirm. Tlio experimental valm-s of are far too large* to he accounted for 
by the coinpre'"«ibility of the inoleculr-, and the values of (' for varieMis gases 
are by m» mi’an** in the same order as the coinjiressihilities. Hence, tlie first 
explanation is proi>abiy the l orreet one. 

' ICuckca. ."SiU. puu.'.t. Ak(ul. H'i.-'a , 111 (I'Jlg). 

*Suthcrluud, Thil. Man., {3) 35, 507 (Ib'JOj. 



04 


X TRKATIST! ON PHYSICAL CHEMISTRY 


The relutive values of C for various gases show that the forces arc by no 
means in the nature of gravitational forces, that is, they are not dependent on 
the relative masses of the molecules. The forces arc specific, and depend, 
from the poiiit of view of the modern tlnsjry of the structure of the atom, on 
the relative distributions of th(‘ electrons and the positive nuclei in the molecule; 
that is to say, these forces of attraction are chemical forces. 

The variation of the mean free path with the teraperatnn^ is of course by 
no means tint tjnly evidi'iice of tint e.xistenee of molecular forces. Deviations 
from the ideal gas hiw, ehangets in temperature upon the expansion of gases 
when no external work is performed, lii|uefaetion of gases, all are evidence of 
tint existence of attractivit forces between molecules. Actually, it will be seen 
that tint essential dillerene(t b(ttween a liquid and a gas is due to the fact that 
a liquid is matter existing \inder conilitions such that the attractive forces 
predominate in determining tint pro|ierlies of matter in this state. 

Viscosity and Molecular Diameter: Uankine has era|)loyed his experi¬ 
mental d('terminations of gjiseous vis(tositi('s in the eahtuhition of the radius 
of a variety of gas molecules.' Maxwell’s eciuation c(jnnecting viscosity and 
mean free path is 

V = jpDi, 

where x, is the average velocity of the molecules. More correctly, the equation 
may be written 




I = 0..'i07p/ ) 


whoro -in (.‘([unl to the root mean molecular velocity. Similarly the Max- 
P 

wcllian eciuation eonneeting th(‘ mean fre(‘ path I and the radius is {cf. equa¬ 
tion 311) 

1 = - -» 

4^2 nirr^ 

n being the number of molecules per (tubie centimeter of gas. If, now, one 
substitutes in this equation the Sutluu’land (‘Xpression for the true radius ro 
by menn.s of the ecpiation 

,.2 ^ f 

it is possible to derive tl»e value of from measurements of gaseous viscosity 
witli the aid of the tiirec e(iuations given. Uankim* utilized this method in 
hi« earlier work and obtained values for the inert gases varying from helium 
= 0.84 X 10'“ cm. to xenon = l.od X 10~* cm. 

Considerable interest now attaches to such measurement.s, since, by use 
of X-ray analyses of crystals, data on •molecular distances and radii are being 

' Prof. Hoy. 8V., 83. 510 (1010); 84, 181 (1910); 86. 102 (1912); 91. 201 (1915); Phil 
MiiOu 29. 552 (1915); 40, 510 (1920); 42. GUI. GIG (1921); 44. 292 (1922). 
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(lirpotly ()l)tiiiiH><l. (Sec Clitiplpr V.) liaiikino lins tliereforp extinidi'd his 
ninisurpmonts ropeiitly inakinn iim’ uf a sutiiewhat imiro i'oiii|)l('x furmidiii 
di'V('l(i|)pd by ('hapniaii,' cjf llicdarm 

, . 01 '.iid + f„vr 

lx(„‘ = - - -— . 

V-’^ 1 + J, j 

where tlie hvmhoU lia\e the sinn' Niyiiilieance a> above, however, (>ein(( 
the mean iimleeular sehn ity. (I t a <-oii''(ant which in all ea>e.s inve.vtij'ated 
does not dilTer by one per cent from miitv. Itankine lla^ ^llow’n that Ids 
ineaMireinent> of molecular dianietct> m) calcuIatiMl froju e\periinental de- 
t(‘rndnathtii?' of \i‘-co'’ilv are, ni the main, in ai;reement witli the modern ecui- 
cept> of inolecnlar make-up a^ by th(‘ l-ewi^-K(^s^el-I,anK^^^uir 

tlieory of the atom, 'bhey M-rve abo a> coiifirmalory e\hlema‘ for tmih'cular 
nia} 5 idtml<’!' deduced from ('ry>talloi;raphic analv.'is by tin* \-ray midhoil. 
The foiiowiiiji labl«* jii\e' mUuc i‘ompatati\e data 
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Apparent Deviations from the Ideal Gas Law: The variation of the <lensity 
of a with di-'tsiice fiom the eaitli''- ''Urbice lias already been accounted 
for 1-y tlie cITect of jira\i(\ 'Die *illirr a))|)areiit iliscn’pancies in the uns Inw 
were of a inoie seriou- nature at a tiim- wlimi the fundamental truth of Avo- 
Kadro'.s jiypothe''iN wa" not reali/e<l Thu'*, the mea''Uremenls of ItuiluiN* 
seemed to show that sulphur \apor, iodim^ vapor, ammonium chloride, and 
a numlier of otlier \apor- <lid not cimform with the e<piation 

pv - MiT. 


Thus, ammonium elihiride, in the vapor stale, jjavc jircssures greatly exceeding 
those calculatcil from the above eipiation 

In the ease of aminoidum cldoride the abnormally high pressure can be 
accounted for by the tlissociation of the moleculcH in the vapor state into 
ammonia and liydrogcn clilornlc accorihng to the equilibrium 

MhCl Z MI, + IKl 

' Phi. Tram. 216, :t47 
* .4nn. Chtn. Phyn., {2} 33, 337 
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If tins clieiniciil c(iui!ibrium oxistH and a is the fraction of ammonium chloride 
dissociated, tlio total miiiiber of gram molecules present will be n(l + a), so 
that 

pv = n(l + a)RT 

and the gas law is found to hold when the chemical dissociation a is taken 
into account.* That this chemical dksociation actually occurs is proven by 
diffusion experiments carried out with the apparatus represented in Fig. 3. 
It was found that the gas which diffused through the capillary tube contained 
an exce.Hs (ff ammonia. This can only be the case if the ammonium cldoride 
is split up into hydrogen chloride and amnnmia molecules, in which case the 
lighter ammonia molecules would diffuse more rapidly. Similar phemjmena 

of chemical association and disso¬ 
ciation were found to occur in tlie 
gases investigated by l)mna.s. 

Real Deviations from the Ideal 
Gas Law: With increased refine¬ 
ment in experimental technique it 
was found that the gas laws of 
Boyle and (lay Lu.s.sae did not hold 
exactly. For any given gas, the 
magnitude (if the discrepancy 
inciva.sed with increase in pressure 
and lowering of temperature, with 
every indication that the gas law 
would hold exactly only at infinite 
dilution of the gas. As an examjilo 
of the magnitude of the variation, a 
miinber of values for M for methyl ether, determined at various temperatures 

Wi 

and pressures, and oaloulated (in the liasis iif tlie ideal gas law jiv = — ItT, are 
given in Table V, and represealed in tlic aecunipanying diagram, Fig. 8. 
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TABLK V 


Tcin|>. 

Pn's. 

3/ 

Toinp. 

Pros. 

1 

'reiDp. 

j Pro.-^. 

M 

- H).I 

70.00 

47.095 

0.0 

70.00 

47.22 

98.0 

70.(H) 

40.19 


(12.22 

47.42 


73.80 

47.19 


74.37 

40.48 


33.W 

40.84 


35.(s) 

40.59 


34.31 

40.30 


19.5-1 

40.47 


18.55 1 

40.38 





9.70 

40.305 

21.5 

70.00 

40.94 




-14.G 

70.00 

47.53 


35.28 

40.475 





74.12 

47.495 


19.49 

40.255 





37.7:i 

40.83 


18.98 

40.25 





' A. StuitI) nii«i J. .tm. Chon. Soc., 37, aS (HU')). 
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The figure shows that the isothermal .1/ eur\es converge to the same value 
for M at F = 0, tljc value there being exactly that deirnuuled by the theory. 
At nil other values of the I)re^sure P, (le\iation’< exi>t and, for e<|ual values of 
P, they are greater the lower tlie temperature. 

These discrepancies which are illu''trated by the above examj)h‘, but which 
are found to exist to a greater or less (‘\tent bu' all gases, eaniujt be exjdaiiied 
on the basis of the chemical a'^'cn-iatioii <ir di'-Mx-iation of the moI(‘eul(‘s. 
DilTusion experiments do not reveal an\ such inlhuMices at work as were 
found with ammimium chlnnde. Some other elTect, or elTects, imist be the 
cause of the.se departures from the nh'al ga^ law. 

A striking example of d(‘\ialion fiom the id('al gas laws is obtaimal by a 
study of th(* mixing of two gases between which no eln’inical r(‘aetion is known 
to take place. Thus, when eipial \oIumes of tw«( gas(‘s (‘aeh at atnn»spheric 
pre.ssure an* im\<*d in a \ess<‘l haxing »‘\aiii\ twice the \olume <'f eitln r gas, 
the resultant pn'ssUK' of the mixture |s .srhloiu fouml to be mu* atinosphen*. 
Table VI gives the pressure ehang(‘s ubiained wlnui a seiies of pairs of gas<-s 
were mixi'd in this way. 

t\hm: \i 
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Van der Waals’Equation: In ls7^J \an der Waals attempted to account 
for the (lexiatioiis from IIk- iih-al gas law on thenretieal gniiimls by taking into 
ci*iisid<*ration the existence of iiiolei ni.ir forces am! the space occupied by the 
niolceuies tluujisehes. The lesiilt of liis effort is given bv tin- i‘(|uation which 
bears ids naim*. and altlmugh we now know that it is only a first order corree- 
tioii, Jii'Vertheh'ss this npiation lias Ixfoi of inestimahh* value paitieuhirly as 
t! h‘ srcoiid order «‘t»rreetions aie (lillieult t(» define with mathematical exai’t nes.s. 

Van der Waals eiiijiloyed tlu- following reasoning In tlu' i-tiuatioii 

pv - MiT, 

the Volume v should only represent the space tliroughoiit wliieh tin* mole¬ 
cules lire free to move ami shouhl therefore be replaced l)y (y — h) wliere 
b is proportional to the space occupied hy tlie inolceule.s themselves. Since 
the inoleeule.s which apiinuieli one aiiother cannot have tlieir centers witliin 
the hemi.sphere of radius a, it follows that b is equal to jTruff^, where n is the 
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total number of molecules iu volume v and a the molecular diameter. Hence, 
the equation becomes 

Viv ~b) = NRT.- 

Furthermore, the molecular forces will affect the pressure of the gas. A 
imdeeule in the c(mter of the gas is surrounded on all sides by an e(iual number 
of iiKjlecules; lienee, the effect of molecular attraction on the average velocity 
with which it moves will be zero. This will not be true of the midecules near 
the boundaries of the gas phase. The imdeciilcs will be attracted equally iu 
all directions tangential to the boundary surface of the gas; perpendicular to 
this surface, however, the attraction towurd.s the main body of the gas will 
not be compensated. Hence, the molecules moving perpendicular to the 
surface will have their velocity diminished by an amount proportional to the 
attractive force. Hut the pressure is registered on the manometer by these 
very same molecules which are moving out of the main body of the gas. The 
pressure P registered by the manometer is therefore smaller than tire true 
pressure corresponding to the average velocity of the gas molecules. The gas 
law should therefore be written 

{P+J){v-b) = NRT, 

where / represents the elTect of the molecular forces. This factor / is pro¬ 
portional to the number of molecules colliding with the manometer and, 
therefore, the number of molecules in the surface layer of a gas and the effect 
on the surface layer will be pro[)ortional to tin; imndrer of molecules iu the 
rest of the gas. Hoth tln'se cpiantities an' proportional to the density of the 
gas and, hence. 


since the volume of a given mass of gas is inversely proportional to its density. 

^P+ ^j{v - b)NRT (41) 

is known jis van dor Waals’ equation. 

It lias alremly Ikhmi pointed out tliat, at infinite dilution, the ideal gas law 
is found to he true. Van d(‘r Waals’ eijuation is in agreement with this. 
Furthermore, tlie aetua! values found for the pressure of gas even at very higli 
pressures are approximately represented hy tliis eiiuation. 

The properties of gases at high pressures and low temperatures may now 
he discussed with van der Waals’ eijuation as a guide. However, before so 
doing, the assumptions npide hy van der Waals will he indicated in order to 
show that a great degree of exactness cannot he expected from van der Waals' 
equation. 

It was assumed that b, representative of the space occupied by the molecules, 
should ho independent of the teinpi'rature and pre.ssure. That this is not the 
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case can be demonstrated by deriving the equation in an entirely different 
manner, which shows also how the voiinne of the nioleeul<‘s affects the pressure 
registered by tlie manometer. It is ussunieil for tlie moment that the molecular 
attraction can be neglected. The molecules which strike the manometer do not 
travel from the midst of the bulk of the gas, but come from a <listance, /, where 
I is the mean free path, (’onsider a manometer surface <me sijuare centimeter 
in area which is in contact uith a ga^ of volume V, and let .V rejiresent the 
total numl>er of inohrulev and » the numl)(‘r of molecuhN p«*r cubic centimeter, 
bet / be the velocity id the molecuh"'. 'riien, the number of impacts recorded 


I>er second by one molecule will l)e 



. the expres.vion 


/ 


' lieing halved 


because only the impact^ on the manometer and not tlmse at the other end of 
the path are here considered. 'I’lic number of molecules concerned will be 
Jn(2r + /), wh(‘n‘ i tin* radiU' of the molecule. (2/- /) being the distanci* from 

which th<‘ molecule'* can reach the manometer, tlu' numerical factor, j, signi¬ 
fying the number which on the a\(“r:ige mo\e perpendicular to the manonu'ter 
surface. Kai-h impact record' ;i ]tre-"nre 2m/, so (hat the pressure per Mpiare 
centimeter, p, is 


V 


2mr-5a(2r b /) 




Since I is large coinpaieil to r, this may be writtmi 


because 



From tin* definition of .V and n it follows that n = 


X 

V‘ 


iliuice, 





Im.W = IIT, 


where V contains one gram molecule. Hut I, the mean frc'e path, is equal to 

1 1 r 

■1 yf'2 Trr-;/ -1V- A' 

Hence, 

or 

]t{V - nr’.\] = HT. (42) 
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Hut, tirr^N in tho volun>o occupied by tlic molecules. The result is therefore 
obtained by means of this derivation that tlie volume correction is proportional 
to the space occupied by the nioiecule.s but the conclusion is based on a constant 
tm^an free path. It iuis already b(‘en shown that the mean free j)ath will be 
alTeet(;d by tlu; molecular force's, the extent to which the mean free path is 
affected being d(*pendent on the temperature. The lower the temperature 
the gr('at(U' is tin' elhnrt on the mean free patli. Hciiee, b (jf van der Waals’ 
e(juatmn cannot be expected to remain constant ijut will be proportional to 
some function of the absolute temperature. 

Kven the constancy of the space occupied by a molecule is an a.ssumption 
which cannot be taken for granted. T. W. Richards ‘ has drawn attention 
to the j>robablc effect of tcmj)crature on the volunu! of the molecules. If the 
volume of the molecule is subject to change, it is beyond ((ue.stion that the 
magnitude of these molecular forces will also bi^ aff(‘ct('d, so that a will also 
vary with the temperature. Sufficient has been .said to draw attention to 
further corrections to which the etpuition of van der VVaal.s mu.st be subjected. 
It i.s, liowever, a first order aifpro.xiination and the basic idea of taking into 
account molecular forces and the volumes of the molecules has served the 
purpo.s(! of amplifying tho molecular kinetic theory, making it iiossiblo to 
ajipreciate, qualitatively at least, tlio phenomena connected with compressed 
gas('H and liipiids. 

Temperature Changes on the Expansion of a Gas: In the di.^cu^sion of an 
hleal gas which expands without performing I'Xlernal work, tiiat is, expansion 
into a vacuum, the ah.sence of any temiieratiire change was made apparent. 
In the case of any gas which is no longi'r limited (o tin' eonihtion that p is zero, 
a temperature change does occur. This temperature change was discovered 
by Joule and Thomson and is known as the Joule-Thomson I'lTcct.'^ This 
effect consists in a rise or fall in temperature when a ga.s expands according ti> 
a mechanical arrangement illustrated by Case li, Fig. I. Tliis arraiigciiH'iit i.s 
actually attained by use of a porous plug. \\v may now imiuirc into tlie 
influence of tho volume of the imtiecules and of tlie molecular forces in this 
effect. 

(«) Effect of Volume: The space occupied hy the nioiecule.s tln'inselves 
accounts for a rise in temperature; the force of attraction belw cen the molecule> 
accounts for a drop in temperature. Each of these factors will now be con¬ 
sidered separately and in di'tail. 

Suppose that u gas consists of molecules ha\ ing a definite \ olume but having 
no attraction for one anotlier. In this case a in van der Waals’ equation 
would be zero, and the equation 

V{v -b)-= NRT 

would represent the relation between the pres.suri', volume, and temperature «)f 

‘ Hichiirds, J. ilm. C'Atm. 36. (U7 (1914). 

*TlioMi3<)U uiui Phil. Tians., 143, :{r»7 (1S.V.*). 
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this gas. At a fixed tomprraturo, this ocjuafioH can he written 
, pv = A- -h bp. 

This means that the value fur pv increases \\itl» l•i^e in pressun'. Since pv 
i.s a measure uf tli(‘ mechanical energy Asliich may h(‘ (leri\e(l fnun a gas, it 
follows that, when a ga'^ expands ^\^thou^ doing (‘xternal work, a certain 
amount of availahle energy has been ht^t c<|uivalent t(‘ b-iip, where dp is the 
change in pressure. Since thi^ i^ impo'-^ihle, it follows that the gas must have 
been heated upon expaii'ion Thu>. from thermodynamic considerations the 
vidunn* (dTect of tin* moiccuh's will cau>e ('very gas to warm up on expansion. 

In order to oi)ta]n a mental pictiiri' of tin' \olume etb'ct of the molecules 
it is conveni«'nt to wiite van dcr Waals’ c<iuation in the form derived in the 
pn'vioiis '^eclion, namely, 



at a fixed temperature. Since the mean fu'e path I is iiui'rx'ly proportional 
to th(‘ number of colli'*ioii'> hetw(‘(‘n the molecules, (his may hi' writti'U 

pcfl — IdII,) -- A, 

when' II, n the number of collnioiis per s('cond. It is now only m'ci‘s>ary to 
n'alize that a gas mint coiilain potential ein'rgv diK' to llu' impacts of its 
molecule' When two moIecn!e^ collide, tl.'- impact I is ei|Ual to tlu' 
j)ro'liic| of th'’ ic'loiing ton-e /•’, multiplied bv tin' time during which it 
.act', '//. that 1'. the time duiing which (he molecules ;ire in actual contact. 

time of contact cipinalenl to zero would reipiiia' iiitinite iigidity (an infiidte 
foice). which i' im|io--ib|e The imp.'icl / will, under all circumst;ince>, have 
a <lefini(e \alm'. and lienee, tin- timi- <if contact, dl, will have .a definite value. 
Dining lilt' lime of contact the kinetic eiierg\' of the molecules will exist largi'lv 
in the' form of potential energx'. ^av b\ a di'lortion of the shapt' of the moh'cuh'. 
d’lie .iniount of potential ('iiergN which a gas has will iherefon' b(' projMirtional 
to m. tli<‘ numb('r of colli'ions which oi cm Since (he expansion of a gas means 
a decrca'i' in the number of coib-mii' and hence a decrease in the potential 
eneig\,a corre'poiidiiig imuea'c in kinetic energy will occur, that, is, the gas 
will warm Uj) 

When a ga' is highly compre"ed 'o that the value of / diminisiics until it is 
commensurable with r, the radius of the molecule, (he higher terms of tln^ 
expansion 

2r ■\ t ^ _ 

7 -b 

ha\e to be taken into account, and, when 2r filially eijual.s I and thi' value of V 
i.s that of the molecules tltein'ches, marked deformation of the molecular form 
oeeurs with a corn'spoiiding marked increasi' in jiotential energy. Since the 
eompressibilily of a inoh'cule varies from gas to ga.s, the steepness of the 
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ciirviituro of th(‘ lattor portion of a pv curve will vary and will be a functldft 
of the coinprosHibility. Curve 1, Fig. 9, represents the relation between tb« 
product pv and the pressure of a gas in whiob 
only the space occupied by the molecules is 
taken into acco\int. The first portion of the 
curve is a straight line represented by the 
equation 

pv = k bp. 

The second portion of the curve takes into 
account the large potential energy due to the 
actual defonniition of the molecules which 
occurs when tlieir volume approache.s that of 
the containing ves.sel. 

(b) MoUriilur Force Effai: Suppose that 
a gas consists of molecules which are attracted tr» one anotluu’ with forces so 
large that the effect of the space occupied by the molecules can be neglected 
in comparison therewith; the e<iuation 

pv ~ k — 

V 

will re{)reseut the relation between pressure, \olume, and temp<‘rature of such 
a gas. (Uirve 2, Fig. 9, gives the n'lation between pc and p. It is .seen that 
the product pv decreases with tlie pre.ssiire. The gas has, therefore, a smaller 
anunint of available energy at a higher pressure. Wlum it expands without 
performing external work, tin* gas gains available energy, and this can only 
be done at the expen.se of its own intrinsic ('uergy; tluit is, the gas will cool 
down. It is not very dillicult to visualize the mechanism on which this cooling 
depends. Kxpansion of tlie gas mean.s that the average distanei* between the 
molecules is increaseil. Since (his muawitates a inovi'ment of the molecules 
against their force of mutual attraction in order to attain the new position, 
this movement is only accomplished at the expense of their kinetic energy. 
In other words the gas cools down upon expansion. 

(r) Coinbiucil Kfftcln of Volume and Molecular Fo}ce>t: Curve d. Fig. 9, 
represents the actual relation between pc and p as giviui by van 4h*r Waals’ 
equation. The first part of ('urve 2 will approximate to either Curve 1, or 
(hirve 2, according t(» whether the volume effect />. or the molecular force 
effect a, predominates. Since, in all gases, the space occupieil by the molecules 
is appreciable and of the same order of magnitude, whereas this cannot be said 
of tlie relative magnitudes of tlu' molecular forces of various gases, it follows 
that the volume effect is bound to predominate at the higher prc.ssures. 

Temiieraturc plays a large part in determining to which curve the actual 
pv curve of a gas will approximate. .\t higher temperatures, Curve 3 ap¬ 
proaches Curve 1; at low temperatures it approaches Curve 2 at the lower 
preasurea. This is due to the relatively greater influence which the molecular 
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pffcos have on slower moving molecules. TFuis Curves 3fl, 3, and 3/) represent 
^jsotherinal pv, p curves for the same gas at a high, an intermediate, and at a 
low temperature respectively. • Thus, to take actual examples/ these lemper- 
Atures are, for hydrogen, 0'^, — 150", and — 210". For nitrogen the temiKT- 
Atures in cjuestion are 200°, 0°, and — 150°. For carbon dioxide, they are 
600°, 20°, and — 20°. This means that, for the.sc gases, the molecular force of 
mutual attraction of hydrogen is very small, nhereas for carbon dioxitle it is 
relatively large, and for nitmgeij it intermediate in magnitude. 

In the li(iuefaction of gases the cumulative .Joule-Thoinsoii elTect is em¬ 
ployed. Since the chang(‘ in temperature At for a gram molecule of gas on 
expanding can be approximated by the eijuatioii 




(\- 


= A/, 


(13) 


it is seen that, from the practical point of \ic\v. the determimition of the pv, p 
purve is of c<n!si<lcrable importance Tin' original tempi^ralure of the gas 
must corn‘>p<iiid to a temperature \\ here the form «if the pv - /» curve is givmi 
by (’urve 3. Fig. IX. ()bvi<in>|y. thi'' \;iries from ga.s to gas It also follows 
fnmi tin* above eijuation that the temperature lov.iuing on expansion increases 
ill magnitude the lower the original fi'm)«‘rature. .\gain, tin* pressun* of the 
gas before exiiaiiding has an o|»timum \ aim- fnnn the point of view of efliciency 
given by the minimum \alue for pr in the pi\ p curve 

{<!) MtsnIIonnius Tt mp<n\tun ('finnip v Wla ii a gas expands in the manner 
ilepicted l»y Casi* 2, Fig I. the temper.alure ehaiiges of the gas as a whole are 
gi\en by tin- precerhng eipiation Thi'' change in t(‘mperatun* corresponds to 
comjdete I'lpulibnum after expansion During the actual expansion ri'lative 
temperature change-^ ma\ well t;ike plai <■ in \ arioiis parts of the (‘xpamling gas. 
'I’he |)er'i'feiice of diieetion ha^ been iinuilioiied in <'oniieclion With the correc¬ 
tion for the mean free- p.ath 



I'e. Ill 


In Fig. 10 \arious type> of e<ilb'‘i<iiis betwi'cn nioleeuh's are shown where 
bir purposes of sim|)licity their sha|M‘s are taken as sphere-. In a collision 
between molecules whose directions of motion are jiarallel, (use («), Fig. JO, 
any direction after collision is ccpially probable. Where the motion of the 
two molecules is not along parallel lines, Case (h), Fig. 10, the average direction 
of the two is favored by tlie velocity ciunponeiit which th (7 have in common. 

' Aniagat. .laa. CAtwn Phji^.. (fj) 19, .lir* (ISMp. 
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It is due to this persistonee in direction that, after expansion, equilibrium in 
pressure throughout the vessel takes place so rapidly. Just after the dia- 
phra^m, (’ase 2, Fi}?. I, has been removed, there will be a larger number of 
molecules per unit volume in the original volume than in the newly added 
volume of the containing vessel. Ueneo, the chance for a collision where the 
velocity will persist in the direction from d(*ns(* to less dense is much greater, 
with the result that pressure is very rapidly e(puilized. Now, during this 
period, collisions, of which type c is an extreme case, are frequent. In any 
collision, the velocity components of the colliding molecules resolved in a direc¬ 
tion passing through their centers are interchange<l, whereas the original 
velocity components at riglit angles persist. Hence, in this extreme ease, if 
the original velocities of the two molecules were each x before collision, after 
collision one molecule would b(‘ at rest ami the other would be moving with a 
velocity ^'ix, in a direction from dense to less dense. The temperature of 
the gas in the newly add<‘<l volume of the containing vessel will therefore be 
momentarily sonnwvhat higher re]ativ(‘ to that of the gas in tlie original volume. 
If in (’ase 2, Fig. I, the two ])ortions of tlie vessel are brought into communica¬ 
tion with one anotla'r through a small opening, the gas going tlu’ough may i)C 
looked upon as behaving lik(‘ a piston, with the result tliat the temperature 
difference hetw'een the two volut»n*s !nay be quite markc<l, especially as the 
chance for tcnqxTat.ure (‘([iiilibrinm to be quickly established is gn'atly redueed. 
If, however, the temperalnri' is averaged in both compartments, this average 
temperature ditTers from tlie original temperature by the amount 


pii’i - p.co ^ 

C, 


In the isothernial expansion of a gas where work is obtained, Case 1, Fig. 1, 

J r*, 3 

/)</« per mol, in tlie case of an 
o 

iiloal gas. From what has preeeiieil it follows that, to this expression for tlic 
work done, the (piantity p\Vx — P':V-: must be ad<led in order to obtain the 
total energy change involve<l. 

Gas Mixtures: That the pressure of a gas mixture is eipial to the sum of 
the partial pressures of the gases composing the mixture is know'ii as Dalton’s 
law.‘ If the gases are iihavl gas('s, the validity of this law is apparent from the 
derivation of the idea! gas law, which gives 

piV = 5min,.ri*, 

Pv = + S'aanjXi’, 

and henec 


P = pi -b Ih, 


where ?»i, vh are the weights; ?ii, n* the numbers; and .ri, the velooitioa of 
the moleoule.s of the two gases; />i, pi are the pressures exerted when each of 
‘ Dalton, Sicholmn’s J., 5, ‘J41 (1801). 
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tho Rases separately (lecupies tlie voIuiik', t\ and P \< the pivs'^ure exerted wlien 
both occupy this volume at the .sime time. 

When one liter of a Ra^, .1, and one hter of a Ra^, If, each at a pre^^ure of 
one atmosphere, and at 24*^ are hroURlit into a two-liter \e.'‘>el, tliiue may 
lie a cohsideralile clnuiRe in pro.^iin*, a'' l^ diihtratcd by the rc>nlts Ri\en in 
Talde V]. This i^ to be expecttal from the di>cn>'ion in the jirecediiiR ^^eclion^. 
Thus, when one liter (»f methyl etlu'r at a pre-'Min* of 7t>0 mm and a lempeialure 
of 24° ('. is phuaal in a two-lit(‘r \esM‘!. the )ir(‘'>ure i> foumi t(» be .*i mm.. 
n(»t dSO min. llydroRi-n Ra^, on tin' iUlu-r hand. i> so nearly ideal lliat d<nibliiiR 
its Volume just hahes its ]>r(‘*'''Uie ('olunm d in 'rable VI Ri\e^ the piessiire 
<‘haiiRe of the Ras imxtun*. caleulaled on the ba'-b nf Dalton's law. a''snniiiiR 
that the Rasi's do not inlliience oiu* another but takiiiR into aeetninl the aberra¬ 
tions from the ideal Ras law for eaeh indixidiially. ( oluinn 4 Ri\es tin' ddTer- 
enee between tin* pres.-.ures eahnlati'd in tins way and thi)se foninl <'\peri- 
mentally, slmwinR that tin* Ra-es do exeit an intliienee upon «ine aimtln-r in 
some ca'Cs 

The mutual udlnenee whieli two diilViriil '•jkcics itf Ras nioleenles can 
ha\e upon one another can be-t be di'i iis'i-d b\ means of tin* tiala in 'fable VI. 
I’lider the eomhtloiis nf teinjM-iatilie ami jm—'iire of the <-\perinmiit li\alniRmi 
ami heliimi aH‘'-o lu ai 1> peifeet Ra'-esthat thevobe\ lbi\ li V law . lienee, im 
niixiliR tlieiii, their is n>i piessiiir ehaURi'. showiiiR. as Woidd l)e i‘\pee|ed, that 
they have a neRliRible altiaelmn for oin- another. ll>dioRen ami nielhyl 
ejhr'r ami liulioR<-n ami e.oboii dioxide s)i,,\s an uierease in jUessUh' eorre- 
spoiidiiiR iieaih to till' e.deiilated pie'«me eliaiiRe 'I'lim in:i> Ih‘ taken as an 
imlieatio.i (h.it tln x do m>t inlbienee one aiiotliei since lhe\ icRlstei a piessiiie 
whleli Is llir slim of the |),utlal plessiili ' ule n carh oempirs tin- Xolllllie alone. 

llowe\er. that their |s .a sIirIp altiaitmn |ollo\\s fiuin a (aitisideiatHiM of 
the H'siiliv olil.lined when helium and laiboi, <iio\id<' ami helium .ami iiiethvl 
etln-r are mixed In both e.isrs ihrir i- a piessine ieRi'|ei<'<l Ri'ealei than the 
ealeulalMi pie"Uie 'The exphinatmii m e.i-iK hmmi If tim eaibon ilmxnle 
Is ;dlow<-d to expand from a \olnme of one liter to a \olume of two htei.s, the 
pn’ssiire ehaiiRes from “tiO mm to hNl I mm but e\en at this low pressiiie 
lh(‘ carbon dioxide |s fai floin beiiiR a peifeet Ras If the attiaelion b<-lw<*en 
tin' inoli'cides of eaibon dioxnle weie to eea.se, the |)i(ssuie in the two-hter 
volume Would be Riealer than dSl I mm 'fhe attiaelion between the liiole- 
eulcs eomes into pl;i\ to the Rreatest extent at the moment of eolljsmn; the 
presence of th(‘ helium iiahiees the numbet of eolhsioiis between eaibon dioxide 
moleeilics, with the result that (he elleetne atlr.aetioli belwemi the I'arbotl 
dioxide molecules |s lowjued 'fhe eaibon dioxnle becomes moie nearly ii 
perfect Ras, with a ri'sultinR ineiea'c in piessuie. 'fhe same is true (*f the 
mixture of metliyl ether ami helium On aeeoiint of tlii' Rieat dilTeieiice in 
the size of the methyl etliiT and ln'lium iiioleeiiles, however, the number of 
collisions between inetlixl elln'r molecule,- is not naluced to tli<' saim- e\t<-n( 
ami, coiismpiently, the pereeiit.aRc elb-et is not s<i larRe 

In the ca.se of the <-arbon dimxnh'-methyl ether mixture, the muRintude of 
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the negative value in the difference column of Table VI showK that there is a 
considerable attraction !)etween methyl other and carbon dioxide molecules 
which is nearly the same as the attraction of ouch species for itself. 

In a two-comp(mcnt gas mixture there are throe forces of attraction which 
come into play, two between the same specios of molecules and one between the 
different species. The total gas [)rossnre will dei)end on the magnitude of 
those attractions and also on the extent to which these attractions can come 
into play. The latter dejamds on tin* relative volumes and numbers of inole- 
cule.H which govern the number of colli.siojis. 

The pre.ssur(‘s of gaseous niixtur<‘.s at high pn^ssun-.s liave lu'cn examined by 
Ma.sson and Dolley ‘ and .some of the results obtained for argon-cthylene mix¬ 
tures are given in Table VII. 

TABLi: VII 

PaKSMOIlEM OF AmooN-KthYLKNE Ml.KTUItES 


IVsmin' 

riilniluO'tl 


Pro.'i'^uff Ol)H<Tvoji aii<l 1 
(.\tTIH>r(|tll*‘rCs) 


(AttiKmplKircH) 

21.74 JUT cent 

■10.!).') |KT cent 

yO.Oii per cent 

:«) 

- 0.7.^j 

- O.K.', 

- O.I.'i 

:)0 

- 1.7 

- 2.7 

- 1.2 

7(J 

- 

- 1.'. 

- 1 0.'. 

hO 

- 4.:i 

- O.K 

- 0 7,. 

i)0 

- i’).2 

- 7.0.*. 

1.0 

KKI 

- «i.0.*> 

- K,0 

ao 

no 

- 0.00 

- s 1 .'-, 

1 


The first column gives tin* pres.sure calculated by adding tin* pressures 
which each component would exert if it occupied the volume alone. The 
other columns give tin* difference betW(‘en the observed results ami those 
calculated in this way. At the head of each of these columns the molecular 
|>(‘rcentage of the ethylene in the etljylene-argon mixture is given. 

The conclusions drawn by Masson and Dolley are that tlm space availalde 
for each constituent is partly blocked by the molecules of the other, the effect 
l)eing that symbolized by van der Waals’ h. This effect pre<lominates in the 
etliylene-rieli argon mixture, so that the pressure (‘xerted l>y the mixture is 
greater tluin the sum of those of the constituents taken sej)arately. At lower 
pressures and in the ca.se of mixtures less rich in ethylene, the attraction between 
the molecules outweighs the b effect. 

Masson and Dolley have shown that ethylene-oxygen mixtures exhibit 
practically the same pressure changes us do argon-ethylene mixtures, while 
oxygon-argon mixtures exert pressures much closer to those calculated. The 
pt'-p curves for various concentrations of ethylene and argon .show a continuous 
change from the pr-p curve of one constituent to that of the other. 

‘ Proc. Hou. Stic., 103 A, (192;p. 
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iij Chi I'li't'!/. Midill f'liiiii-yilij, \toiitriiil 

A (iiM-uvsidh <if the liquitl 'tatc of ajiirrrgation may profitalily lx* iiitnuluml 
>y a roiisiilcratioii «if cntical pliciuniii'iia ami !ln‘ fartor^ j[o\j‘rninjj tho liquo- 
‘actioii of IiincaM' iti pi«“‘>'iin‘ luiii loworiiiK of trmporaturc will causo 

\ to liipmfy. Of tlic'i' tuo factor'* cxpcriciua* lia-* ''houn that the latt(‘r is 
'■*y far the mon' important For cacli ^la* there eM.sf'* a definite temjierature 
iho\o wliieli it !•* impov>iIih' to liipiefy the ^a'* iio inattiT what pressure may 
he applieil. 'riii" tempeiatuie i*- kiiouii a-* tlie iTitical temperature. It is 
lepemleiit on tlie moii-i-ular forces of attiaction TIu-m' molreiilar forces vary 
as tlie in\eivc power of tlie di'-tanco lietwemi the moloeuli"* and, as will he seen 
later, thi*« power i- coii’.idetahh ^ireatci titan I Tlie htfce may therefore 
he very eon-'ideiahle when the iiioleenle' aie in close |>ro\i!iiit\. lint it diminishes 
rapiilly, -*0 tiiat. hcMind .i ceilain distance, it ma\ he looked upon as heiiiK 
quite neulijiihle. Tlie foiee Is piohahK clieiiiical III nature de|»endinK on the 
imtti'iiis and ri'latuc di'tiihulion of eli t lion.s ami nm-lei in the molecules. 

If .‘1 collision takes place hi t ween t uti niolei-nles each mo\ iiijt with a Velocity 
j. the kinetic cneifiN of each, after collision, will he In moving out of 

the fiehl of fon-e "ct up durinti the collision fi,e wt ik done hy each is I f(ln, 

*/() 

when* .S' is, the elfef‘li\e raiiiie of the molecular force If I fils is >'f‘‘iiter than 

•Ai 

it follows that, hefore traxei-'inf' the distama* x, their vi-locity will have 
heen rednci'd to zero ( onseqiientt\, thev will now attract each other and 
the potential eneit£> will he chaniiial into kinetic energy, 'I'he result will lie 
that, at the moment of collision, their \elocities will anaiii lx* r These two 
molecule' consiMiuenlh will form an oseiHatnm ■■\steni whose parts will never 
separate u distance further than x If another molecule is added to this system, 
the tliree will form a similar s>'tein which i' held toiicther mon* firmly hecaiise 
the three molecule's will he attractinjr each other mutually. At tliis point it 
must he emjihasized howevr-r, that, on tlie supposition that the force fuIlH off 
so rapiilly with tin* distance that the effectne raiitfc is small, the addition of 
further molecules beyond a certain niimlnT does not lia\e a cumulative effect. 
('onsequent)y, when the temjM*rature of a Ras is re<luce<l just l>elow the value 

given hy = j Jds, all tlie molecules of tlic gas will hirm a Mysteiu which 

Jo 


11)7 
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will no longer uniformly fill the containing vessel, hut will occupy a definite 
space independent of this volume of the veKS(?l. In a gas in which all the 
inolecuhis inov(!d with tin? same velocity, this would be the temj)eraturo at 
which liquefaction would tak(* place, i.e., the critical temperature. Tlie 
conglomerated molecules, that is, the liquid, would then comj)rise all the mole¬ 
cules originally in the containing vessel giving a liquid having no vap(»r pressure. 
But, the velocities of the molecules in a gas vary enormously, us indicated by 
Maxwell’s distribution law. 'I'lu'refon*, the critical temperature ha.s to be 
defined as the temi)erature at which tin* average kinetic energy of the molecules 

is such that \mx^ is e(iual to I fdn. Although a conglomeration of molecules 
Ja 

is only possible below this critical temperatun', this li(piefaction W'ill not 
necessarily occur. Tin* prevailit»g pressure will be a factor. In no case will 
all the. molecules conglomerate at the critical temperature because there will 
always be some whose kinetic ein'rgy is gnaiter than the average. 

Suj)pose a ga.s exists at a temp(‘fat\ire slightly below the critical tcm}M*rature. 
The coiuHtions under which Ii(|uefaction will occur nn'rit consideration. If 
one assumes that, in a .sm.al! region, tin* conglomeration of molecules has taken 
place, tliat is, a small region (‘xi.sts in which tin* gas may be said to be lif|uid, 
the molecules in this licpiid will have velocities which will also vary in accord¬ 
ance with Maxwi'll’s distribution law. The molecules whosi* vi'locity is greater 
than the critical will be continuously escaping so that (he amount liquid will 
be correspondingly diminishing. On the other hand, the m(»h-cul(‘s from the 
surrounding gas are continuously miU’ring and forming part of the liquid. 
Whether this region of liquid will inerc'ase or deere;ise will (hqieiid upon which 
of tlie two process<\s predominates, 'rids in turn will depend on the relative 
concentrations of the molecules in the gas and in (he Iniuid. Since the con¬ 
centration of the gas is (hqiendent on (lie pr<‘ssure. it i-' obviously jiossible to 
increase the concentration of the gas by increasuig (In* pre^^ure to that at 
whicli the liipiid region can (‘.\isl. Thus, at the critical temperature the 
pressure which is just neces.sary to produce li(iu('faction is called the critical 
pressure. The pressures necessary to cause liquefaction at temperatures bidovv 
the critical temperatun* are called tin* vapor ))ressures of the liipdd. 

It is instructive to follow tin* changes which take place in the eipiilibrium 
between a liquid and its vapor with ii.s(‘ in tcmpi'rature. The liquid con.sists 
of molecules imiving with various velocities, the average bc'ing given by (he 
gas law relation, RT = 5«ifi.r‘. 'Vliose molecules whicli are a considerable 
distance below the interface arc attvaeti'd on tin* average equally in all ilirec- 
tlons. A molecule moving towards tlie boundary of the liipiid will gradually 
come into a field of force in the direction of tin* main body of the liquid. 
This field of force will he proportional to A — p, when* A is tin* density of the 
liquid and p that of tin* vapor. A moh*cule will tlierefore have a lietter chance 
of escaping from the gas to the liquid than from the liquid to the gas. It 
follow.s that every gas molecule moving towards the liquid surface will enter tlio 

liquid, but tliose molecules of tlic liquid whose velocity is such that I f(A~p)ds 

Jo 
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is greater than 5 »ij- will not be able lo otifer the gas even if (hey are moving 
in the proper direetion. This may be shown e\|w‘rimentally by reimuing 
the vapor al)o\e a litpiid, whereupon the h(|uid eools down; only thoM‘ moleeuh‘s 
with a v<‘h)eify greater than that given by (lie abo\e (‘(piation ean esea}>(‘, (hat 
1-, the a\<‘rage kiimlie ('Hergy of (he moieeules remaining in the liquid is re- 
diired; i(s temperature (hendota* falls, Thi'* i'-. of eourse. the latent heat of 
e\aporalion. If the spaca* abo\e the liipiid i-' eiielused, the escajiing nndeeules 
will aeeumulate in this ‘■pare and will <‘\eii(uallv relurn to the boundary <»f 
(lie liipiid in such number^ that eciuihbiium will result, \l <‘(|uihbrium the 
number of ninha'ules lea\ ing tin' Inpiid i" theri'foie exactl> lapial to the numlx'r 
n'turnnig from (he \apor ;ibo\e Al etpiilibrium no fmtlier (emperaliire 
eliange*. occur: it i" line that the fa^t niosinii Inpiid inohM-ule.^v enlming the 
\ap<»r reduci' (he avcragi' \elo< ily nf thnse remaining, but (he \apnr moh'cules 
winch r<‘luni havt* (heir \<'l<ic!lv eompoiicnt periiemiicular to (he siirfaci' nf 
the Inpiid iiiir(‘a''ed bv (he litid nf (nice, -n (hat (he innlecules wliieli are 
letaliicil aKn lia\e a \(bH-il\ abn\e ihi’ a\eiagc The \apnr pie'"‘nie nf n 
Inpiid l^ thclcfnie due t" ;i d\ iialiiic pi ill bn Hill w Inch re>ul(s when (lie iiiiliiber 
of mnlecidcs icaMin: the Inpiid i" jiist e<pial (n the iitimber leturinng fniin (he 
\apni al")\c 'rh(“ term xapnr i' applied (<> a ga-v al a |eiii])iTallire IicIdw the 
ciilical leiii[ieraliiri‘. tlie field of foice e\i'>ting al (he tmuiidai'y of Inpiid and 
\ap"i i' known fin' 'iiiface len-ion 

'The eib'Cl of M-e lit t cm pel a I ill e on the \;i|ior pie'--'MI(' of a liiplid IliaV MoW' 
he examincti A ii-e in (eiiipei.iluie meali'’ an incieaved kinetic eiierg\ of 
lilt' ino!e< Iilev nf the litplid ■'O that a laig'i niiiiil.ei than befon- will ha\e a 
\<|ocil\ wimh will caiM (hem tliiotiuh (lie boiitidaiv agaili''! (he buce of 
• 111 lace tell" to II I lein e. a la I gel iiiliiihci Will escape With I lie ie"Ui(an( I in lease 
III the \apor pli"llie I’ui I lie! nioH', the ineie.t'i'd kllieln- ellcrgN' Will <aillse 
,111 exinii-lolj of the \<ibtnie oiampieii h\ ihi' Inpiid plojier. since, floin lln* 
hoiinilm" inwaid-. tlie gie.ilci kinetic en<'ig\ o* (lie iiioh'cii|e> will enable 
them to mo\e further .ipalt before ihe inolec- 
II I a I fi'tie-v cail'e their letuili lienee. A 
dec|e,i'i-v. whe!ca> /) Hiciea-C'. the -Ulface 
teionm deciea^e- A M-e III lem|ietatuie ii.i- 
a c 11 III u I a ( I \ e efTecf on the xajioi [iie--ii|e 
incn;i"e '•inee not onlv a gieiler numhei <il 
moha'llh"- lia\e \e|oci(le' "Illlieieilth gl';il to 
iaii\ them mit of the In'Id of iiioleciilai atliac- 
lloli, but al"<i Ihe liehl <if atliactloli ha" been 
coii'lileiablv ilimini'lied 'I'he \apor pre""Ure 
Will lheref<»re increa't' accoiding to "oine liinc- 
Intll of the tem|(eratuie wheic the tempeialure 
\ariable i" a higher powi'r than one. 

The relation"li!p between (emi>era( me ami \apo| pie^-ure can be brought 
out by drawing emwe- repie'cnting (he di'tnbutioii of xcloiatie" as gi\(m by 
Maxwell’s distribution law, the eipi.afion foi which was <le\eloped in f'liapter 
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III. In Curve T\, Kig. 1, the ordinates are proportional to the number of 
inr)loeule8 having vehicities given by the abcissa. If Ji repr(*sents tlie minimum 
velocity ncee.ssary for a molecule to escape from the li(iui<l, the shaded area 
represents the proportion of the molecules wliich have a chance to escape, 
(’urve Tj, represeutitig the velocity distriluitiou at a higher temperature, shows 
the manrjer in which this shaded area increase's, especially as the critical 
velocity x-i at the higher temp(‘rature lias been diminished as well. 

With a continued rise in temperature, A will eventually coincide with p, 
so that the surface tension will be zero, the temp(‘rature at which this occurs 
being the critical temperatun*. Olisi'rvation has .^hown that, when a gas, 
under its critical pressure and slightly aliove its critical temperature, is gradu¬ 
ally cooled, a cloud appears just before the formation of the iiipihl layer. Above 
the critical temi)erature, tin* avt'rage kinetic energy of the molecules is greater 


•f: 


than I Jds, the range of molecular force being confined to the surface layer of 


the gas. Imiuefaction miglit be expected to take place from the surface. 
The appearance of tlie cloud is due to fluctuations in the density of the gas. 
A ciiance movement of the molecules will doubtle.''S cnusi' a variation in density 
provided that a small enougli region is considered, and, hence, liipiefai'tion may 
start from some such small region of greater density. .Vhove the critical 
temperature, the avi'ragi' kiiu'tic energy of the inoieeiihs i> such that the 
majoritv lia\e a chance to escape from 
a li<|uid region, ilehiw the critical tem¬ 
perature the average kiiii'tic energy of the 
molecuh's is such that the chance to escajic 
from the licpiid region is less than unity, 
so that if (he pressui’i' is higii enough 
iiipiefaction will occur. At this point, it 
may be indicated thal, on the above 
interpretation, the critical temperature on 
the absolute scale b a measure of the 
fi»rc('s of attraction; other jiroperties, 
fherebu’e, such as >urfac(‘ tension and 
latent lu'at of e\aporation, which arc 



I'ai. 2. P-V Diagnim foi ( ’iiiIhui Pioxidr 


dependent on molecular forces, are related to the critical ti'inperature. 

Isothermal P~V Curves: Tlie relation between the pressure' ami volume of 
carbon dioxide at high pre^sures and over a range of temjierature including 
the critical inns been iletermiiu'd experimentally by .Vndrews.' The exi)eri- 
mcntal values gave i.sothermal p-c cur\es which closely resembled tho.sc given 
liy van der Waals’ e<]uation. In Fig. ‘2 a series of these curves deduced from 
the results of .\ndrews are .shown. .\t the highest temperatures the curves 
most closely resemble the rectangular hyperbola demanded l>y tlie mathe¬ 
matical expression of Hoyle’s law; at a temperature sliglitly above the critical 
temperature au inflexion oceurs, which, more proimunceil at the critical 


’ Tnvts. Itoif. Soc., 159, (ISOU). 
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temj)orature (31.1®) itself, becomes a diseoiitiiuiity at temperatures below the 
critical. The first j)<)rtion of the 25® i.sothermal, for instance, shows the 
pressure-volume relationship of<*arbon dioxide in the Hipiid state. The break 
corresponds to the vapor pressure <jf the litpiid at tijat temperature where an 
increase in volume will not be accompanied by a pr(‘s>ure change until no licpiid 
is left. The re.st of the curve denotes the p-r relationships (d carbon dioxide 
in the gaseous state. The higher the temperature (he greater the vapor 
pressufe of the liquid, and tloTefore the .shorter (h(‘ portion of (he curve which 
corresponds to a change from liquid t<) gas until, at (In* critical fem|M‘rature, 
this portion of the curse shrinks to a ;)<»int. Tin* change from liipiid to gas 
which experimentally gi\ev a straight line is imt followed by the curve given by 
van der Waals’ eipiation, 

(;' + ")(>■ - I') = nr. 

The latter gi\es the dotted line shown in the c.ise of (he 2.'>® Isothermal. 

('onsiderable c»mtro\ersy has been aroused over tin' interpn'tatioii of (he 
theoretical, \an del Waal-' cur\e in the region of coexistence of gas and li(piid. 
It has been -ugge-(e<| (hat the lir-t portion rejire-eiits the n‘lati<m between 
the ])re-sure and \olunie of the Inpnd aboxe its point of <d)ullitioii, ami the 
second portion (hat of (hi* \apor compre-sed beyond the li(in(‘facti<m point 
without condensation. Tin- niav be -o f«ir (In* very fii'*( portions of emdi of 
(he (IoKimI cur\e-, but it 1 - obvioii^lv ab-urd to go bevond (his. It may be 
pointed out that (he average value for the pressiin- ordiiiati's is the same for 
both expeiimental am! tln-oretical «air\e‘., (bat is, 



^ pJt’: ~ f'l), 


where V; and Ci are the volume- of vapor and liquid n'spr'ctively, and po is tln^ 
\apor pri’ssure. The failure of \an der Wa:d-’ lajuation (o agree with that 
p<»rtloii of the curv«‘ where e\ap<ir;i(lon lak<“- pl.ace r- du(‘ to (In* existence of 
two phases, whereas van der \\aals' detliictious are based on the existence of 
only one. When the liipiid and \:ipor are in e(piilibnum, (he volume, pressure, 
temperature, and number <'f gram niolecuh's of each, se)>ar:itely siibstiluleil in 
the e(|uation 

M - -MiT, 


gives the correct values for a and h. It is eipiivalent to using tw<) si-ts of units 
in one oejuation ((» attiuiipt to ajiply van »ler Waals’ eipiatimi to the two pini.ses 
at once. That it hohls for each phase siq^iratelv is brought out in a striking 
way by (he calculated relations between o and h and the critical tempeniture 
and pre.ssure. 
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It will be noticed that van der Waals' ccjuation is cubic as regards the 
variable v, viz., 


— -= 0 . 

\ p / VP 


One of tlu! r(«»ts of this e([uation is always n‘a!; tlic oilier two may be real or 
imaginary. It will bi^ notieeil that in the isotliermals below the critical temper¬ 
ature there are thrifc real values for v, given by the theoretical curve corrc- 
sponding with the vapor pressure (»f the linuid. The liighcr the vapor pressure 
the closer together are the three values for r, until at the critical temperature 
where, in the presence of a solitary jiliase, tlie theoretical and experimental 
curves again coincide, the three values for v are identical. Hence, on sub¬ 
stituting the critical pressure p,, and the critical temperature 7\, Vr, the critical 
volume, will give an identical equation {v ~ = 0. On exjianding this 

equation and equating the eoeniciiMits of tin; various powers of v in the above 
eijuations, three e<[uations are obtained giving a relation between the critical 
constants and ii and h: 


Vc “ ‘M>; 



Tc 


Sa 

27hn ' 


Th(‘ experinnuital values of a and /», obtained from Andrew^’ data for carbon 
dioxide, were used to calculate the critical temperature and pre>sure giving 
values which were witliin twenty per cent of these latter constants determined 
experimentally. This agreement is evidence of tin' truth of the fundamental 
ideas involved in tlie eijuation of van der Waals. From what has been said 
in a previous section exai’t agreement can hardly li(‘ I'xpected. It i> greatly 
to be regretti'd that .so little ridiabli* exiMU’immital e\ idence is availalile whereby 
the above relationship can be further I'xamineil, 

From the data of a few substances for which a and h ha\e been accurately 
determined, it semns that r, ~ Vf is in iadter agrecmmit with the fact^ than 
the expression r, = 'Mt givmi by van der Waals’ eipiation. Furthermore, 
c,p, is equal to O.dTo/r/’, from the almve eijuations, whereas the experimental 
results are in agreement with p,c. eipial to 0.27/r/'f. 'I'he.se experimental 
ri'sults have been incorporated iu innumerable empirical relationships invohing 
p, c, and T. These eipiations, with one or two exceptions, have lost their 
theoretical significance and ha\e done little to further the development of the 
kinetic theory. 

To van der Waals is given the cre<ht for tlie origin of the term ‘‘continuity 
of state" as applied to the gaseous and liipiid stales. The significance of this 
term is brouglit out by the two isothermals, one at a temperature just slightly 
above the erilieal, the otlier just slightly below. The curvature of these two 
isothermals is exactly the same at all points although the first represent.^ solely 
the substanee in the gaseous, the other the substance in both gaseous and 
liipiid states. The parallelism of these two isothermals is exiK'rimentally 
proven. 
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Other Equations of State: Clausius' showed that the results obtained by 
Aniagat for the relation between pressure and volume at very high pressures 
could be best represented by mndifvinij; van der Waals’ ecpiation, thus: 


V + 


T{r -f- r)- 


(c - b) = in\ 


This etpiation d^K•^ not ^a^i'>fa(*torily reproent the pressure-volume relations 
for carbonic acid and ethy(’ne’ I) Berthelut has made use of this ecpiatioti 
for the representation of the ]^re^sure-V(^lnme relationship of a 1<^'V 

pressures by piittiuR c etpial to zero in the (’laiisius e<piation. By making 
use of the premise that the ecpiation is to he ajiplied at l<»w j)ressures, and 
thus makitiR it possible to nenleet secoml order maKriitndes, and boldly re- 
placinR numerical cneflicients by those which corresponded to experimental 

32 c, /I, 

icMlIls, fur cviniplc. putlinii; It (Mpinl tn of llir thoiin'liral II (’ipiul 


II r. 


Xr.iK 


i' "’ tli(‘ l‘(pl;ilintl 


!l ;//' 

r.’Sp, 


/,’•/• 1 ) 




This (Mjiiation liu" been of RH'at \al«n‘ in e\tr:i})o|a1inR tlie density of a Ras to 
low press,jrc' and has been Used by duvi’* for the actual calculation of the 
atomic weights fmm the measurements nf Ras density. 

An equation of s(a((' siijr^,.vf<Ml by ))ief<’riciA \ h , 


FT 

{v - h) 


a A-7>i 


has Hie merit of rImor y»,c, eipiai t<i t) 27JH\ which, as was poiiiteil out in the 
pre\i»»us section, is m betl«T aRrcenimit with tin' experimental facts than 
the similar <ii‘duction from \:iii der UaaU' equation. Apphcfl to the experi¬ 
mental ilata of VounR® on isopeiitaiic. 1 tieteri^’i's e(junlion is in good agn'c- 
ment except at luRher pressures 

An Cfpiation of slate which represents the experimental facts with Rreater 
exactnes.s than those prcMoUsiv Rl\en is that of Keyes ’ which is basial on the 
following theoretical eonsideration.s. The molecules an; supposed to consist of 
clectron.s inoNing in itrbits accttrdiiiR t<> the Ihdir imxlel <if the atom I’he 
electrons and positive nuclei of any two molecules attract and repel one another 

' WtiH. .Inn.. 9. a.l7 (ISSO) 

'.''arraw, Comiit nn'l. 94. sto (iss'J) 

* I). Bcriliclnt. Sur Icji ’^herrlloni^trft.s I'lO.I 

* Gu>c. J. rhim. phyn., 6. 7<>9 (llMisj. 

* B icd. .tun.. 95. h20 (lh9K). 

* Youiik. .SVi. Hoy. Duhlm .W., 15. 120 (lUl<'o 

* Keyes. Pror ArnH .Sri , 3, 32.‘t (11117). 
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according to the inverse K(|uaro law, and, as the average distance between the 
electric charges will bo cfiual, the attractions and n^pulsions between the 
positive arid negative charges nmtually cancel. The magnetic field due to 
the revolving electrons does not cancel, giving rise to magnetic doul)let8 which 
attract each other according to tin* inverse fourth power. This would give 


van der Waals' ecjiiatioii as far us the term • is concerne<l. Keyes makes the 


statement that the above structun? of the aton» (h»es not give exactly an inverse 
fourth power law l>ut that the attractum increases slightly more rapidly than 
the inverse fourth power. This would lead to a modified form of van der 
Waals’ equation, 


V + 


{V + ly 


(r - 5) = HT. 


Furthermore, instead of having 5 constant, Keyes sugge>fs that it is a function 
of the volume given by the expression 6 = (it: 

Space Occupied by the Molecules: The critical volume, according to van 
der Waals, is e(jual to ‘.ih. He has shown, howcvi'r, that tlie b of his e(|Uation is 
equal to bmr times the actual volume of the moh'cules. .lust what is meant 
by the space occupied by the molecules is a higiily controversial subject. In 
the kinetic tiieory, this space is taken as a sphere of radius r, where 2r is the 
distance between the c('nters of two molecules at the moment of collision. 
T. W. Richards ' has shown tiuit this space can ])e diminished by the application 
of large external pressures, llis hypothesis of the comijre.ssible atoju can be 
used to interpret many phenomejui such as the n'lation lietween the volume 
of the molecule ami the chemical forces between the atoms. Richards has 
pointed out that the compressibility of the atom will lead to a variation of 6 
in van der Waals’ e(iuation since h is proportional to this space. With in- 
crea.sed pre.ssure and increased temperature one might conse(iuently expect 
a diminution in b. The dilficulty of testing this experimentally is due to the 
necessity of a.ssuming a constant value for u in this test. A.ssmuirig a constant, 
b does d('crease at very high pn'ssun's, and, in the case of the monatomic gas, 
helium, it decn'ases with rise in tem])erature. The reverse is, however, true 
for polyatomic gases. Richarils explains this by the iucrease<l rot.ation at the 
higiier temperatures driving the atoms in the molecules a little farther apart. 

The fraction of the space which is occuphal by the molecules in a licpiid is, 
in spite of its importance, one concerning which a great difTerence of opinion 
exists. In Table 1 the space occupied by one gram moh'cule is given as calcu¬ 
lated by various methods. 

The first column gives the values based on van der Waals’ deduction that \b 
gives a measure of this volume. The second column gives tlie volume calcu¬ 
lated from the molecular radius given by the mean free path.? =--- i 

4V-^r«ir- 

where fii is 2.7’) X lO'’’ molecules per cc., and the volume of a gram molecule 

» J. Am. Chau. Sof., 3«. 2tl7 (10141. 
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111 tlic li({Uiii 'tiiti' ;it IIh' iiiiiliMU p'ltiil riic fnii'floii of tin* ’'[>;ic(> ucciipu'cl 
at till' lioiliriii point i* :i|»|iro\itiiafi'l\ oiio tiiini for niosi li(|iinl'«. Tliri'i- cali'U- 
lalioii'. apail from tlii‘ a"‘iiiiiption'- alir.iih pointial out witli ri'^'aid to iln’ 
i-lTrct of tin* iiioliM-iilar forces on tin' imati tH'«* path, ari' haMal ini iiicoiti- 
pic,-'-i!t|(‘ at' in'- aii<l tln icfoio cainioi In* -tin llv coriia t 

l{n-|iaiil' ha- -iinnc-titl tiiat. at the fiilnal \o]umr, tin' iiiiih'ciilcs aN‘ 
ai-tiiallv toiictiiiii' ainl that fiiitln-r routiartnm with iinira'-ri] picsMii<‘ and 
lower triii|>ri'atiir(‘ i' at tin- rxprn-r of tin- \oliinn- of (lie ronipH-vsihh' JMoh-ciilc. 
Till' iiiipIirN that flic iiiolcriili - of a i;n' at dcn-itic- jin-ati-r lh;in fin- critical 
ih'ii'itc, ainl thcicf->rc al-o the molecule- of a ininid, an- md held .-ipart h\ flu* 
Ixim ti” i-iiriuv of lln ir mo\«'inent 'I'lie c\ideiiee <ji|oted in fa\or of this |s 
(he 'III.ill i-ontrai-tion of .1 -nh'tance uhich taki'- pho-e when it 1- in tin- InpinJ, 
and. latci on, in the -olid -lati-, at feinpriatnH- appioai-liiipj the .-disolnli- zero, 
\\h(-H“ the klindic ein'ii;\ eea'i'- and the niolmile- will he e|oM-'l (0^-1 her 

Pultini: T ■ I). tin- \olume :it the al-'oluli- Z(“io I- jii\en hv r h, ,so (hat. 
tin- niohaade- would in-t Im- t'niehiiir e\i-ii at that teinpc-iatiiK- if h is four tllin-s 
the \oiume Till' I- i-ritaiiih a riernled di'rH'patir\ m \an tlel Waals' theory. 
Oppo-ed (o tin- nh-.i of eio-e p.iekitir III a Inpiid 1- the Ihiniily of a liipini ainl 
(he pln-noiin-iioii of iiilTu'ioii. whn h i' of -ii' h a iiia^nitinle that it ponds (o a 
mi'.in fiei' path of the iiioleeiile eominen-ui.ihle at h-a-l to it- diaiiieti-r. It. 
1- eeitain th.it in .1 Inpiid ihr '|iare (leriipn d h\ liie nio|ei-uIe- I- a lai^je fiaclnm 
of the tola! \olunM- Thl' 'p.ire. liiole ri.iieeth' called tin- colh'KUi 'paci-, 
I- eompM-"ihh‘ and a' \ el cannot he e \ ahiafc'l with an\ de;ii('i- f»f ac<'ura<-_\. 
iinoimli ha- iieeii -aid to 'how the futilitx of appKlli^ tlie cipiatioii 

to n-pre-i-nt ex.-n tly tin- pii"Uii- \ithnne ri'lationshi)) of a Inpiid at low leiiiper- 

atun-'. If oiH- doc' 'O. ji repie-i-nt- the \ apor {ire-siin-, and ’ (In- cohc'ion of 

c- 

tho litjiiid, tlie suin of tin- two hciiiK (h-iioled a.' the ndriii'ic pre-'iire. 
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term lias Itooii usod in this way, but as yot thore is no experimental meana 

^ 

(IctenniniiiK tlie cohesive force and the correctness of the calculated valuea/ 
which attain to hundreds of atmospheres. Reynolds,’ it i.s true, has shown 
thiit a tube filled with a liquid free from dissolved Krises can be placed on a 
rotating table and whirled around at such a rate that the centrifugal force 
corresponds to a negative pressure of twenty atmospheres before the liquid 
“breaks.” This “break” may occur at the walls of the containing vessel or 
result from some gas bulible so that thesi' measurements cannot give any 
<juantitative values, but at least they are physical evidence of the existence of 


these cohesive forces repnisented by - • 

/ '' 

The Equation of Corresponding States: In s[)ite of what 1ms been said, a 
deduction known as the equation of corresponding statc.s can be made from 
van der Waals’ equation which gives an insight into the properties of liquids. 
The constants a and h vary in magnitmle from gas to gas .so that the universal 
nature of the ideal gas law is lost. Since there are only the,so two eonstants, 
the isoiherinals of any two gases ran be made to coincide liy a variation of 
these two quantities. In the preceding section it was sliown that the critical 
pressure, volume, and temperature could be repn'seiited in terms of <■/, /», and R. 
Conversely, a, h, and R can be expres.sed in t(’rms of the critical constants, viz., 


a — 3 /),?',^, 




Substituting the above values in van der Waals’ eqmition and dividing by 
3pfrc, an equation is oiitaineil, 




which may be written 


where 




ir - 1) - s'r 


V = 


r = • 


Thi.s equation is known as the e(|Uation of corresponding states. .Vll constants 
characteristic «)f the substance have apparently disappeanal. Hut, in order 
that this may be so, new scales are used for repre>entiug the pressure, volume 
and temperature, these (piantities now heing expre.^sed in fractions of their 
, values at the critical lem|)erature. It follows that, if any two substancp" have 
any two of the above variables coinciding, the third must also coincide. Thus, 
if I’l and Vj are the corresponding volumes of any two substances at the 
‘ 0 . Hcyaoliis. ('olloctcd Uorks, Dixnn uiul Jul\, Phil. Txins.. 185 . *)(>S (ISUo). 
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Bpoiulliig tcmpcmturos T’/ and 7’/, and |)ri‘>suri‘s I\ and Pi, it follows 


Vi - -mr-/) 

r." liPJ'n 


Furthermore, 


r. - r,. 


r, 


is (Mjual t<* a constant imlopendont <d the sul^stanee, and 


since this is tuiual to'' *, it follows that the relative change in vttiuine for a 

c, 

liquid between two (■tUTe'>pon(hiig teiniKTatiire" is the same f(»r all liqiiiils. 
This has been abuiidantiv ti'sted and foutnl to be true i*\(‘r wide limit-s. It 
means that, if the <len'it\-temperature rur\e is known for one li(piid and the 
critical t(‘mj)erature and tin* den-ity is known for another liipiid, the d(‘nsi(y 
of the latter liquhl can be calculated at any other t(‘m])eiature. For this to be 
strictly correct, tin* mea'‘Urenn*nts '•liould b«* made not only at correspomhng 
temperatures but under cijrre-'ijoiuling pie'>suies a-. w<‘ll. Sine«*, however, (he 
volume of a Inpml is only sliglitly alTe(*led b> the iiie^sun*. the latter (*oinlition 
can be n(*Klecti*d without «*au*'ing seiioii'- erh*r, «*\C(*pl at high t(*mperatures 
where the pre-vures are large. 

An imjiortant result of the abo\<‘ theorem is (hat it makes it possilile to 
measure the r(*lati\e volunn*s of tin* niol(*eu!e.s th(*ms('Ives by comparing the 
molecular vipIuiik's of liquids measured at eorresponding temperatures. Hy 
comparing the \ altn*s of /> fur \anoUs 'iib‘-tane»*s one woiihl eom|)an* (he spaef*s 
occupied by the molecule' \'ery few such valu(*s ha\e be(*n det(*rmined on 
aeejiihit oi the e\perinn*iit.*il dilheiiltie' iit\o|ve{l. Tin* critical volume, v., 
is proportional (o /*, and it ha** been shown that (he Volume of a litplid at the 
corre'ponding temperatuie i' piojKirtiomd to c,. T}n*iefor»‘, tin* moh-eiilar 
\olumes t»f hqiiiils at (*orre'))onding lenij)e?afun s an* itroportional to the si>ac*»*s 
f*(*eupit*d b\ the niolfciiles tlieiii'fhe' It liapja-lis that tin* Inuliiig p<Mnts of 
mo't InjUids an*, at the 'ame eone'pomling l(*mpi‘ratuie. approximately tKi 2 
on the corrt-sponibng tempei.ilurc* 'cah* \ large amount of <lata has b(*en 
collei t«*d ‘ and it' sy'temati/alion li:i' !>♦ m eonlii med l>y the above d«*<luelioiis. 
'rite >.p:,ee ocru|iii“ti 1 )\‘ tin* inoleeuti-' h;i' been found willi great eoiisis(»*ncy 
to be a function of the conqmmiit aloiii', being additue :i' H*ganls (heir 
numl»cr, type, and methotl of linkag<- to in igltboiiiig atoms. 

It may be point(*d out that the piiiiei[)le involved m tin* eipialittii of eorn*- 
spondiiig stati*s do<‘s not depend tjii tin* exart form of van der Waals' i*fpiation, 
but that other erpiation' of state ni whlrlt the characteristie constants can be 
connected with (he critical constants may h*a<l (»> jin eipnition in which int 
characteristic constants will appear when tin* volume, pressure, and temper¬ 
ature are measured on the corre'jionding temperature scale. 

Vapor Pressure: Keference has been rnaih* in a pr<*ceding section to the 
qualitative dependence of vapor j)r(*ssure ujion teniperatun*. Van der Waals' 
equation, which applies only to a .'ingle phase, (hn*s not, by its(*lf, giv'e any 


KIuldt>erg, Z. phj/ttJc. ('fn-nt.. 5, 371 (IsyO). 
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indication of tho magnitu<lo of tlic vapor prossuro at a given temperature. 
It in posHi])Ie witli the aid of thermodynamic conniderations to link up vapor 
pressure with the latent heat of evaporation, tlie origin of which has also been 
discussed. If I represents the heat re<|uin‘<l to evaporate one gram of liquid, 
then the work wliicli can he obtained external to the system during tlte evapora¬ 
tion of one gram will he jAvy - vi), where Vi is the specific volume of the 
Ii(|uid, Vg the sp(‘cific volume of tlie resulting gas, and // tlie vapor pn'ssure of 

the liquid. Applying the second law of lliermodynamics, namely, 7 = T —, 

(IT 


it follows that 


r 



- C/). 


This e<mation is known as tlie (1apeyron-(’lau>ius e(juation. .\s the volume 
of the li(|uid can he lu'gh'cted at low vapor )uvNvure>, th(‘ equation for a gram 
moh'cule of a gas hecfjtne.s, sinci' undiT such circunislaiices //c„ = RT, 


X = , 

p <tT' 

where X is tlie latent heat of evaporalioii per gram mol. and, on inti'gratioii, 


hip = 


X 

R 



This eipiation represents with (‘xaetness tin* relatiiui hetwi’en tlie pressure and 
temjierature over tlie tenqx'ratun' range uhere the latent heat of evaporation 
may he taken as hi'ing constant and the ga.^ laws an' oheyi'd That this range 
of temperature is very short follows from the [irevious consideration of the 
intent heat of evaporation. This (piantity is itself di'iK'iident on the tenqx'r- 
iiture, diminishing with risi' in temperature until, at the critical tem|»<‘rature, 
it actually becomes zero. 

Nernst * has .suggestc'd an empirical n-Iationship giving the connection 
between the latent heat of evaporation per mol., X, ami tin* temperature in 
which he puts 

X = (\o + I.T.-i/r/’ - e7")^l - 
giving, when substituted in the (’laj)eyron-(’lausius equation, 


whore / is the integration constant. This empirical relationship represents 
tlie va[)or pressure curve over a largi' range of temperatures. It will be noted 

tlmt it has the eorrect form in the eritical state for then the-expres.siou ( I — — } 

\ VcJ 


'(iott. Nachr., 1 (lUOC). 
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no 


is equal to zero and X is therefore zero. Three eharaeteristic eonstants have to 
be determined for eaeli .substance. 

.MthouKh van der Waals’ eciuation does md jiive any information in rcjiard 
to the vapor pressure <d a licpiid, some speculation may still be Jiiade concerninK 
the vai)or pressun^s of li({uitl> relatixe to one anotlier. In Kitf. ‘2, the e.\|M‘ri- 
mental curve n\er that portion \\ln*re (he two plniM'scoexist is ajiproximalely 
the averaK** of the tlieondical curve over tln‘ same raiiKC. This can be ex¬ 
pressed by writin^i: 



Substituting the \alue for p ni\en by van iler Waal,s’ laiuathm, viz,, 

irr n 

and intcKratiuK, ue obtain 


liTln 


{I'l - /') 



(I 

vt 


llil'u ~ f'l)‘ 


l)i\ idintt ('ach side by /»,r,, ami icplai'iiiji n, It, ami l{ b\ tin* i-ritical constants, 
it folhiW': that 


r. 1 



c, d 


an c<|uatioii in winch tin- <-liaraclcrislic cojis(:iii(s ot llir substance have <lis- 
appeared. From what has l.rcii s.-nd in the [irec<alinj{ section, the critical 
Volumes, mea'Uretl at correspi.mlmt" t«'mpi-ralures. are the s;tme for all sub¬ 
stances whether tliey are in the >(aseoMs (ir ]i<}uid state It follows (liat, at 
corrc‘spomlinK tempfuatiiies, the eorrespondinn picssures. in this the vapor 
pres-.ures, will be the same, d hi' Ini' been tested by Uaiiisay ami ^ ollliK * 
ami btiiiid to la* (rue for a laiKc numbei of 'ubstama*'. if /o am! pj are any 

T, 

two vapor ju'i'-ssiires of a liquid at tenqu-ralures 7', and T-, (him -and , the 


corresponding temperatures, must l>e the s.-ntie for anv other liquid wliicli has 
vapor pressures p[ and pj respeitnely liem-e, “ “.should be the 


Tr 




same for all liquids. Itainsay and Vouiiji nma'iired the temperatures at which 
the pressures were 7b and 2(1 ems respectively, and found the ratio of these 
tempiTatures to be a constant, l.l 1, for a larne number of liquids. Howi-ver, 
tile universality of this law is not confirmeil when \ery dilTerent siilistanci's are 


' Voiinit. I’ht!. Mim., i >i 33. l.Vt 
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compared; for example, the temperatures at which the vapor pressures of 
liquid hydrogen are 76 and 20 oms. are respectively 20.2° and 16,37° K., 
giving a ratio 1,23. Ethyl alcohol at these pressures has the ratio 1,09. That 
this deduction from van der Waals’ equation is only partially confirmed by 
experiment is probably intimately connected with the fact that two phases 
are in existencr^ and that the transition from one phase to another is by no 
means abru|)t. This involves a considiTation of the phenomenon of surface 
tension. 

One deduction can be made from the theorem that eorn'sjwnding pressures 
of all liquids are tin; same at correa|)on<ling temperatures. Attention has 
already been drawn to the fact, based on ex|)erimental evidence, that the 
boiling points of liriuids, that is, the temperatures at which their vapor prc,s.sures 
arc atmospheric, are all ajiproximately at the same corresjsimliug temper¬ 
ature, namely, 0.62 on the corriwpondiug tcmirerature scale. Since 


iir 


}_ 

Ti, 


Uliil jf 


,Ha^ 
_ [V . 

din 


Tins iiuiuIh'i* must Ijo a constant for all li<|ui(ls at corrcspomlitii; teiniMTaturcs, 
that is, -- = A'. Trouton ' had already cstahlishod the truth of tliis rclation- 

i « 

ship (Miipii'ically and evaluated the constant as lieing otjual to 20.7. This is 
known as TrouUm’s rule. 

Vapor Pressure and External Pressure: In the preceding sections, va[)or 
proHMuro has been considered with a liqiiid in contact with its .saturated vapor 
alone. A condensed .system, s(did or liquid, may, howe\er, exist under a 
pressure different from that of its own vapor. For example, if tiie vapor 
contains an indifferent gas, the total gas juessure is the sum of two pres.sures, 
that of the vapor and that of the fonugn gas. This is, indeed, tlie normal 
circumstance in a vessel eemtaining air admixed with vapor in eiiuilibrium with 
the li(jui<l. Under such circumstances the vapor pres.sun‘ of the liijuid is 
different from that in the Isolated liquid-vapor system. The e<juation con¬ 
necting vapr»r pressure and external pressure was derived by Willard (iibbs 
in 1870.2 

Let p l)e the ordinary e(iuilibrium prc'ssure in a system composed of a 
liquid (or solid) and its vapor. Let v and V be the rcsiwctive specific volumes 
of condensed system and vapor under the pressure p. Ily exposing the liquid 
to a pressure P -f p, let the corresponding values for the several magnitudes 

' Tnmlou, mi Mag., (5) IS. 54 (18S4). 

*Cf. Parfingtou, Thermoilyaamics, D. Vua Nostrand (1924). 
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becoino v' and T'. Let it be assumed tliat the ciniipressil)ility of the liquid 
can be given by an equation of the form 

V' = f - (>/*, 

whore jc is the eoeffieient of eoinpre>>ibiIi(y. 'J’Ik* desired relationsliip may 
now be estal»)ished by means (d an isotheniia! reversible eyele. 

(1) Unit mass of the ]i(juid at pressure V f p is exaponlted to produce 
vajmr at pressure, the work done, 

-I, - - fp + r)r[[ - kF). 

(2) The vapor at />', V i" exjiandcal to p. V, (he work done, 


r 

d: = 1 jxlv - pi hi 
Jy 


(II) Tin* vapipr at p, V i'' now condensed, (lie work doin’, 

.\i - />( r - i). 

(1) Tile liqiiiil is now cninpre-st'd to /' | /»; (lu‘ \\i>rk done, 


.14 




The cycle js lutw c<iinplete and so 

-I, t- .1, I .1,1- .1, - 0. 

If we a'simie ihi\|e’v \.a\\ pU - /'’I', aixl ni’glect all lenns containing 
Kfi, we obtain 


pl7a'-- /V 

r 


('-=) 


V_ ,, , r. n. l 
l‘ 

I'l- 

- I I I clr 
/>' 

If /' i. not vory jtri'nl, tlic lii^lirr li-rm. iii;i> In* in-jtlocinil 

/'(■ 


;> - /' 


1 ' 


If the iu'Ti'af'O in proN.'nri' applnnl t<j tin- Inptid iv 6/' ntni lln- conscipnnit in- 
(Tntif-c in vapor pr(‘^^n^^‘ 5p, tin* (npiation li('<.onn-K 

\ ^ , 

UJ’Jt v' 
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The vapor pressure of any liquid (or solid) is increased by compression of the 
condensed phase. An alternative pro(jf of this relationship has been given by 
Porter in a general tn^atment of osmotic j)rcssure and lowering of vapor 
pressure.' 


Since -- is a very small fraction for all small values of 5P, it follows that 


the variation in the vapor pressure witli external pressure is generally negligibly 
smail. Thus, the vapor pressure of a liquid under its own saturated vapor 
will not be sensibly difTerent from that when the liquid is exposed to the pressure 
of the atmosphere. At the super-pressures which are now becoming familiar 
in actual practice, variations in the vaj)or ])ressure will be manifest. This may 
be illustrated l)y reference to the case of water and water vapor. Callcndar’s 
equation of state for water vapor is 


for liquid water, 


T /q7'A“’ 

V = 4„>1,S ~ - 20.3 j •' + 1.0; 

V = 1.002(1 - 4.0 X 10-''/'), 


the presnures in eiicli case liciiiK .itatcil in atninspheres. Iiiaertinn tlioac equa- 
thms in the o.xpn'shi.jn 

_ v 


tliorc follnws, fnr a temperature of 20° (!., 




lip 



- 1.0 X 10 ■■l’)iir, 


whence, fnr po = "/lai atm. at 20° ('., 


3002 Ing - - 1.320 + 1.33 = f' - 2 0 X 10 =•/*■. 

po po 


Prom this expression it may be calculated that the ratio - is 1.2 at a pressure 

/'I* 

P = dOO atmosplu'res approximately. In otlnu* words, iimh'r the pre.ssurc of 
an inert gas equal to dOO atmospheres the vapor pressure of water at 20° C. 
increases hy about 20 per cent. 

Surface Tension: It has already l)een shown tluit, in a gas, tlie surface 
imdecules arc not truly representative of the average cotxliticm of the molecules 
as a whole. The constant a of van der Waals’ e(iuation is representative of a 
HUrfaee tension correction which has to be made. In a discussion of critical 
phenomena, the nature of the surface tension existing at the surface li<piid- 
vapor has already been discusst'd and this will now he somewhat further 
amplified. The molecules at the surface are under a dilTerential force in a 
« Proc. tioi/. Soc.. 79A. 51!) (l!H)7): 80A. 4.57 (1!)0S). 
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direction towards the main body of tlio liquid. Fast moving moliHudcs are 
continuously m{>vinK tlirough the surface into the vapor. Besides (hose whose 
kinetic micrtjy is .«.unicien( to carry them bi'vond the raiigi' of the attractive 
force of the licpiid there are >ome \\iio>e velocity c.nrries (hem just short cd 
this distance. Tin* clianjie in deiwity from liipud to jras canmd therefore Ito 
abrupt: there will i>e planes paralhd (<• the surface in w hich (lie a\eraK<* densil v 
is intermediate l>etw(‘en that of tlu' li(|uid and the nas The existence of this 
lay<‘r of intermediate den'*i(y i'* (‘videneed pliV'ieallv bv the creation of a fi(‘sli 
surface of Ii(|uid when it iv found (hat the surface formation recpiin's tlie a<ldi- 
tion of licat en<Tj:y in oidei to be isolherni.al. l Atcuidinii tlie surface ueccssi- 
tatev tliat a certain numiiei of molecules of (h(‘ li<}Uid form this layr'r of inte'r- 
nu'diate di‘nsi(y and thi'iefoii' expand a^jaiust (he foiaa- tif uudecular attraction. 
.\ (MMilinn will i-esult jKirallehiii: the eoohiit!: of a jias obtaiiiinu when a Kas ex¬ 
pands, thc‘ Joule-Thoni'on efTeet To form a fiesii sutfacr' isothennallv, work 
has (i) lie <loue an.aiiist the siirfaee tension ami heat has to be added to pieverit 
coolinn Ifv substitution III the (iiblis-HelmhoI/ eipiatioii, it follows that 


where 7 is (he ln-at added, > |s the 'iiifaie «-neii:v ami Al tlu' cli.aiii’e in 
total ener):\ of the siiifaee 

In order to proieefl with a eon-itleiation of 'Uif.ai'e tension pln-iiotneiia the 
prai’tieal deiimtioii of suifa<-e leii'ton iTi\o|\ed in ils iin-thnds of iiieasiiieuieiits 
Is of iripolt.imm Siiifaei- leii'ion |s d<‘liiied as the foiee in flvnes per unit 
huinth of sill face of h<|unl in a direct inn paialh-1 to the sujfaee If one ilnai'ilies 
a liliii of Inpiid bounded on three sides b\ a lod bent into (he form of .1 I , and 
on a foiiitii side b\ a movable rod. then, .o'limiiiu the absence of fiictioii, (he 
surface terismii will teml to contim-t tlie fiini, ami a buei-, /•’, h.as to be applied 
to keep It III jilaee B\ the alio\«- delinitloii, 

/■ ■■ 

where y 1' the stjiface (eii'ioii .and / (he Ii nutii of (he movable rod III contact 
with the lilni The factor 2 takes mto ,o(oiiril the two sides of the iilin 
Suppose the rod be moved tliioiiiiii a dolariee /. so that the lilin is extended 
and il.s surface increased bv '2il. then (In- work done is 

/■V -- ■2>yl. 

so that th<‘ eiieruv reipnred to eiaaiti* unit area of surface will be y er^s^ uiul 
the potential mierny per unit area i|ue to the surface (eri'ioii is 7 

It is not quite obvmiis that the definition of surface tension niven tibovc, 
i.c . (hr* measurr'iiK'iit of a fora e jiaralhd to t he surface, |s a relat iv r* uu*asiir<'lii('iit. 
nf (his ilownwaril fir'id <if fona- winch lias hitherto been spoken of as jiiviiiK 
iis<‘ to surface tension. .\ diatrrain of what takr’s pl.-iee iijion tin- rTcatlon of u 
new surface will anl in sliowrii^ tin* connectKiii between the lwi>. In hi^. 3 , 
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one wall of the containing vessel is moved in such a way as to extend the 
surface. Molecules from a region of the liquid in which they were not subject 
to a differential or resultant force have to be«pullcd up to the surface against 

the resultant force in order to 
create the new surface. In the 
diagram, this is repre.sentcd by 
an imaginary pulley at the sur¬ 
face with an imaginary string 
attached to a molecule which is 
being drawn up against the 
downward force, the work done 
b e i n g e(jual to the potential 
energy wliich the molecule 
finally has in virtue of its new 
position. 

The method of employing 
the force exiTted liy a film for 
me:»suring .surface tension is 
not generally practicable for 
ol)taining accurate results, but, 
in the ease of a liquid having a small .surfaci' tension, it can be used. Very inter¬ 
esting information has been <»hti\ined thereby in regard to tlie range througii 
whicli molecular forces are effective. Asthe film formed hya detinite ((uantityof 
liquid is extended more and more, its thickness deercase.s. Wlien the tliickness 
of the film becomes less than twice the diameter of the range of molecular forei's, 
the surface tension shouhl ohviou.sly decrease as well. It was found l)y Rucker ’ 
tliat the thickness of the film had no influence on the surface tension until tlie 
thickness had been diminislual to 10 ® eni. The surface ((‘iision was found to 
diminish with further decrease in thickness of the film. 'I'hc surface tension 
of salt water measured at the surface of the oc(‘an givi's exactly the same value, 
as the surface tension measureil by mi'.ans of a tliin film of this water. It may 
he seen, therefore, that the molecular forces have a very small range, and that 
the effect of a resultant force is confined to ridatively few layers of molecules 
in the .surface. 

Two methods are available for tiie aia-urate determination of surface tension 
in absolute values: th(‘ ri.se in tlie capillary tube and the drop weight method. 
It is instructive to consider the surface tension relationships involved in these 
two methods. To obtain these, the potential energy of the surface will ho 
taken into account in connection with the principle that any system will tend 
to arrange itself in sucli a way that the potential energy will be a minimum. 
This principle is illustrated by the tendency of a drop of licjuid to assume a 
spherical shape, because tin' sphere has the smallest area of any form which 
a given mass may take and has, tiierefore, the smallest potential energy so far 
as surface tension is concerned. In the case of a small drop of mercury resting 
‘ Httckcr and Heinold, Trans., 177, 027 (IShO). 
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on a plane Rurfaee tlio drnp is nut truly spherical l><‘cause tin* spherical form 
would raise its center uf gravity ami thu.s increase the potential energy due to 
gravity. The drop of niereur\- will therefore take a form such tliat tim sum 
of the potential energies due to .''Urfacf* tension and to gravity is a minimum. 

The surface tension of a h(|unl will deptnid on the nnalinm with which it 
is in contact; the surface tension at a burface Iniuid-glass is dilTerenl from that, 
at the surface li(jiiid-air. Suppose a liciuid in contact with a glass plate rcacln‘s 
the e<iuilihriuin jxisition and the angle of ci»ntaet is 0. It 7; is the surfaee 
tension of a li(|nid-air, tin* '“Uiface ten'^ion of the gla^s-air. and yi^ the siirfaee 
tension at the surface lujunl-gias*', tlnai, if tlic Inpinl he given a small dis- 
placennmt so that an additional area dr of gla^'; is co\er('d, tin' increasi' in 
potential i‘nerg,\ is 

'/lyiu ^ 

Unt, if the systi'in was in <‘(|uilihnnm ami coiiv,'(jii<‘nlly the potential em'rgy 
a miiiimuni, a small displai'enii'iil will iioi change the poteiilial energy and 
tin* increase in potential energy will he zmo. In other woids, 


yi < 


yiv 


Now, if a capillary tnhc, of radius r, ha^ one <‘nd iniim'rsod in a li(inid, and the 
lattc'r reaches etpiilihiiuiii after lining (o a licight //, the aiigh* of contact hctwec'n 
Inpiid and glii'^ l>eiiig d. a 'luall di^plaiement will not ehangi' thi' potcnti.-il 
eiiergv of the system ThU'. if the lopiid he "Uiipo.'ed to rise a small distance 
<ir, the ehai.ge in jM.teiilial eiicrgv due |o the fmees .,f gra\ilv ami surface 
tension ean he eipiati <1 (" zei<i Therefore, 

'27n•y:^, - 7y)di \ (in)'’>lti>}i T f/rpd.i 0, 

where f) I*, the denvil\ of the liquid, r 1- the \oluiiie of the meiil-'cns, which is 
appro\iniate!\ e(pial I" *, jr»' if the angle of eon la el Is small I hit 

I-,;, - yu) ■ 7; (K 

so that 

1 -r). 

J eo.s u 


Mn.t iniiki- a \rry .mail an(ili‘ '.f l■'^n1a(•l uitli ^la^^ ho that .'hm 0 

appriiaclics unity A liipiul likr im-rciin uliicli niaki's an aiiKic of l•onllll•t 
UrcatiT lliaii ’.Ml’ i. .li.pi.-M-.l in a rapillaiy tnla' in aKriaMiii'iit ivilli llii‘ iiCKiitivi. 
value (if tlie eiwine wlieli 0 > '.Ml ilepneen 'I'lie inellioil of ileillleiiin tlie illiove 
relationaiip lirinR- nut llie fiiet (hat the rise in the eiipilhiry (uhe (iependa 
siilely on tlie t-lllfaee nf the liipinl and the nieiluitii ahnve it in the apeeial case 
9 = 0, and is then indepeiideiit .if the hiirfaee (eii.siiin lietweeii the liiiuid and 
the ghi'S. liy nieiisiiriiiK the lieight tii which the liipiid will ri.se in a tithe of 
known radius the .surface tension can he aceurately deterniined. The prccau- 
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tioriB which hiivc to he taken for an accurate determination Imve been in- 
vcBtigated liy Hicliards.' 

Tlu^ drop weiglit metliod l)y itself does not give tlie absolute values of 
surface tension. When a drop forms at the end of a tulie of radius r (this 
radius refers to the circht of contact between thi^ drop and the tube), at the 
moment before its size is such that the drop will fall, this drop is in a state of 
e(|uilibrium. A small displacement will not alter its potential energy. Sup¬ 
pose the drop is displaced through a distance i/.r, the change in potential energy 
will then b(! 

T I 

— niqdi + 'iirnlxyi — irr-— » 
r 

wli(‘rr 7H is tli(‘ inuss of tlic drop. Tlw fir>t tiTin rcprosoiiis the decrease in 
|H»tential etM'rKy due to gravity, the second that dii(‘ to surface tension, and 
tiie tliird the w<irk done against the prch.^un' exerted hy surface tension, for 
y i , 

tin* latter is given iiy — • I'apniting tliis to zero, it follows (hat 



irr 


so that, hy measuring the weiglit of a dro)) and Knowing the radius, the surface 
tension can he calculateil. 'rids relationsldp is havcd on tin* assumption that 
the displacement of th(‘ droj) at the moment of fail is such that tin* liipdd 
hetween tin* drop pro[)er ami the IuIh' has tin* form of a cylinder. wher<‘as 
actually it will Itave a^cordi’al shap(‘, tlu' eurvatun* d(‘|)cndmg hoth on the 
radius of tin* ttjhe ami tiu' surface tmision of the iKpiid. 'I'he surfaci' t(‘nsion, 
7 i, is therefore eipial to a constant times the weight of tlie drop wlnu'i' this 
constant lias to he evaluati'd. This has h(‘en done l>y Harkins.’ Th<‘ constiint 
is only slightly aff(*cted hy the surface tension and a corn-ction can thmx'fon' he 
applied when tlie surface tension is approximatidy know'ti. Many of tin* 
d(‘terinimitions of surface tmision jirior to the investigations of Uichards ami 
Harkins are incorrect hy as much as twenty per cent due totlu' neglect of taking 
into account the precautions advocated hy these investigators. 

Trom what has been said in regard to latmit heat of evaporation and surface 
tension, it would seem probable that the two are related, 'riie latent heat of 
evaporation is a measure of the work done in luinging the molecuhxs from the 
interior of the liipiid into the vapor above. This work consists in bringing 
molecules lirst to tliu surface against the held of moh'cular force, and in then 
moving them out of this liekl of force, together, finally, witli the work done 
against the external pressure. The latter lias a dehnite value, namely, p\\ 
where y is tlie vapor pre.ssure ami T tlie volume formed. When this is sub¬ 
tracted from the total latent heal, the remainder has been called the internal 
latent heat. The latter should he proportional to the surface energy, and this 

^J. .dw. (’fccMi. iSw.. 37. lOoO (1915). Sw' also ifnd., 46. U'.M) (1921). 

* Harkins, J. .^Im. Clu'in. 38, 22S (IDKi). 
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luis been found to be the case.* Again, ^inc•e the surface tension is an indication 
of the magnitude of molecular forccMd attraction, it slujuld be related to the 
critical tem|)erature, for it has been sh«o\n that the critical temperature is a 
measure of the molecular force from tlie point of view tliat tlie liiglier the 
critical temperature, the greater i'' tlie kinetic eniTgy wliieli the molecules 
must have in order to prevent li(iu(*factitin by molecular fore<‘s. Thi> too has 
been continued, (|ualitati\cly at lea>t. by experiment.- However, no exact 
proportionality factor has been found experimentally t(» exi^t i*ither for this 
or for tin* preceding n'latioiiship when liijuui" are comiiared wIiom- molecuh's 
dilTer widely with n^gard to tlu'ir c(»mpini<‘nt ati>m'' ami con''ti(ution. The non- 
e\istenc<‘ of exact rclatioii''hips is of gri'at impoilanee Ix'causc this, as well as 
many other apparent difliculties in interpreting the kinetic tlnairy, may pos.sibly 
be traced to a factor which ha.s m)t as yet biam eoiisideretl, namely, the orimita- 
tioii of molecules at low' tempi'iatun'.s 

The variation of surface t<msion with fin* tempeiatun* has been the subject 
of much res(‘arch. With iis(‘ m Icmpei.-iture the surfac<‘ tiUision decreases, 
rea<'hing a zito \ubie at tin* ciitica! tempcialuir bor tin* greatiT part of 
the temperatur<‘ range tin- n-lation betui-en surfacr tension ami tmiiperature 
is neaily linear. As tin- ciitical tempciatun' is approached within about S", 
the surface tension \anes less rapnllv witli th(“ ii'e in teiiiperalurc. It was 
show n i)\ l!ot \ os,'* •iiid Haiiisax ami Shields,* (ha! the \ a nation <tf tin* molecular 
surfaci' eneigv with the temp<-iature is a <‘on'lanl This can be represcnte(l 
by the e<iuation 



where M is (lie inoloeiilar weight and <1 (In* deiisp\ cf (he* li(|nitl. 'I’he (‘.xpression 
' ^for the imtleeiilai surfai'e is l)a'i-d oii sinfaers wldch contain eijual 

V 


numbers of niolcciih'' 


The \oIume I eoiitaiiis eipial numbers of molecules; 


M, tlie molecular weight, refers not to the IlMapietiea! molecular weight, but to 
the conghimeratioii' of atoms m the ji<|ui<l wlio-*e <-enler of gru\itv has freedom 
of traiislatory nio\enien( in the ]n|Uid along any three axes at right aiigle.s. 
Haiusay and Shields ha\e shown that, for iioimal li(|iuds, k has a constant 
xalue 2.12, imh’pemleiit of the natnn* of the iKiunh A number of liipiitls have 
since been found whieli give ex<-eptional \abies for h. If tlu-sc exceptions are 
neglected for the moment, tln n this nTitioiiship, if really true, divides liipiidK 
into two classes: those whose molecuh's in the liquid state are associations of 
vapor molecules, and those winch are not. Water ludongs to the first class, 


' Fourth U«*p(trl of llnl .\s’*o<- <iii (’olloid Chem , jiriiro 0‘l, 1021' 

’ Foiirlti Ueporl of tint on Colltad ( laati , |j:ikc UO, 1U_'2 

* Kot\u'<. H e</. Ann . 27. tls (issip. 

* Hamsu\ and Shirlds. /Vo/. Trnn-* , A 184. 017 (is'.l.l). 
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for in order to obtain 



M must equal 30 or 54, whereas, in the vapor, M has tlie value of 18. This 
therefore brings up an additional complieating factor in connection with the 
liquid molecules, namely, the association of molecules to form larger chemical 
complexes. A similar behavior has aln'iidy been referred to in the case of 
gases such as sulphur vapor which apparently did md obey the gas law. There 
the discrepancy was ex()luined on the basis of molecular complexity. In a 
similar way the licpads with assoiaated molecules cannot be expected to give 
results consistent with the kinetic theory. This is illustrated by the application 
of Trouton’s rule to liquids whose variation of molecular surface energy with 
the temperature shows that they are associated. Invariably the constant for 
Trouton’s rule is larger than 20.7 for these liquids. 

Perhaps tlie difficulties brought up by association of molecules will be made 
apparent by the table of physical properties of a number of compounds having 
nearly the same theoretical molecular weight. 


TAHLK II 



'rt)tiil Stitfiicc 
Kiiorgy 

Criticiil 

Tciiijioratiin! 

UiitiHay and 
Shields ( ’(njslant 

'J'roulon's 

(’oiistanl 

Kthylcno Oxitlt'. ,. . 

7 :( 1 ! 

-Mm.O 

l.Sl 

21.1 

Klhyl Alcohol. 

la.o 

rjl.’l.O 

i 1.2 

20 0 

Acotuldchydo. 

r>a.a 

ir.4 

I 14 

21 r, 

Methyl Kthcr. 

r,.u 

402.0 


21.2 


The first column gives the tidal surface energies. Mthyl alcohol has by far 
the smallest total surfaci* eniTgy; ethylene oxide the gri'atest. The second 
column gives the critical temperatures which were quoted as being a measure 
of the molecular forces of attraction. These values are not at all in agreement 
with the surface energy because ethyl alcohol has tlie highest critical temper¬ 
ature, much greater than that of ethylene oxide. Methyl ether, which has 
the lowest critical temperutun*, has a greater molecular surface energy than 
alcohol. The explanation is given by the value for the Ramsay and Shields 
constant (calculated on the basis of theoretical molecular weight) and Trouton's 
constant, given in the third and fourth columns. From these values it is 
apparent that ethyl alcohol at low temperatures iu the liquid state is associated. 
The surface energy and th(‘ critical temperature of ethyl alcohol arc constants 
of two distinctly different substances. The critical temperature is a measure 
of the molecular force of attraction between (’ 2 H 5 ()H molecules; the total 
surface energy is a measure of the molecular force of attraction between 
(CjllfiOIlla molecules. In the case of methyl ether there is no change in 
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molecular complexity, niul'tho critical teinpornturc and total surface energy 
are both truly representative of the molecular forces of attraction of one and 
the same li(|uid. Hence, a comparison of the physical constants of liquids, 
with a view to obtaining an insight into the magnitude of molecular forces of 
attraction, is only valid in the case of liquid'' \\ith unassociated molecules. 

It is of interest to see plainly the inihience of surface tension on the vapor 
pressure by considering a cur\ed surface SiippiKse a molecule close to the 
surface of the licpiid lias a velocity sullicimitly great to carry it out of the surface. 
Three cases may be coiisi^lcred. a eom'a\e, a flat, and a eon\e\ surfaei*, repre- 
.sent(*(l by (‘a.s<‘s 1, 2. and d. in big I. (’(PMsidta- nmh'eules uliieh are eipii- 



distatit from the "urfai’c in cai-h eas<‘ Tlie'i* iiioleeulcs may be moving in 
any direction but tli<' cliain'i' iIh ii taking a duct Imn wliirli will bring them 
to the 'Urfai'i' for a dotmiti' voincitv will br gi\<‘n liv the llire«‘ angles th, t?v, 
and 0,i. ()b\ ioU'l> tlm br.-t clianei* for I'lnergnig from the surface is in (’ast* d, 

the conv»‘X surfaei-; <iliviou-ly. aNo, thr moli'fiiles le.aving the convex surface 
will be sooiiest out of the molecular langi' of attraetion which is proportional 
to the areas of tlie sliaihal region^ in tin- iliagiam Hencoj since the vapor 
pressure is dcjiemleiit on the number of iiiolecuh's gt‘ttiiigoul of tin*liipiid, the 
\ui)or jirc'sure will be d(‘]M‘iident on the ciiiwatiire c»f tin* surface as w<*ll as 
on tin' snrfaee teiisinii. It follows that the \apor pressure of small drops <if 
Inimd is greater tlie simdler tin* ladius nf tin* drop 

It Is not difheult to establish the • \ai't relationship hetween tlie vapor 
pressuri' and cur\aliire Siqipose a Inpml im-s to a height h, in a ea|jillury 
tul>e whose radius is r, llu-n, tlu* \apor pre>'.urc of (In- eoneavc surface mUHt- 
be less than that of the flat surface beeaii'-e, at tin' height, /<, I he pressure of the 
\apor is less by (lie weiglit of a eoliimii of \apor of llial height than the vapor 
pn's.'ure of the liquid at the flat siirfaci- In fact, if // is the vapor [iressure 
of the concave surface, p that of the flat surface, and p tin* density the vap<ir, 
then /» — must (apial ph. otiierwise eqinlibriiini would never result and a 
{>er|K‘tual motion inacluiu' be possibh-. The variation of gas pressure with 
di.stanee in a diiei-tion piTjpemheulart<i the huce of gravity has been shown, in 
C’liapter III, to be given bv 

// X y>r 
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I V — ^ 

// 1033 X H27Vpf; 


If tlu* nmUTial of tljc tuh(‘ is siicli tliut tin* li<|ui(l m:ik<‘s an an^le of contact 
of 180°, the !i(iui(! will Ik' dcpr(‘ss<Ml in tlic tulx', for then cos d is c(jual to 
— 1, luid 

b/-= 

“p 1033 X S27Vp(/ 


This Kiv<‘s tlio vapor pressure of a small drop, ami since, when r is exeeeditj^ly 
Hiiudl, it follows tliat // is very larj^e, tin* <‘ase wi(h which vapors can l)(‘ cooled 
below their corid(‘nsii»n teitiperature is easily (‘xplaimal l)y tlie hij?h vapor 
pressure naiuisite for tin* inilial drop fonnalion. On tli(‘ other hand, the 
vapor pressure of a concave surface of tlu‘ iKpud will hv wry small when this 
concave surface is formed, say, by a small bubble of the \apor itself, and, 
in addition, sim’e the pressure p in a small bubbh' must, be greater than the 
hydrostatic pressure by an amount j^iven by tlu' (njualioii 

pwr- = 277rr, 

it is easily umlersiood why liijuids can b(‘ supiM'lu'ated lielow their surface. 
As a matter of fact, it would appear that the formation of a vapor bubbh* 
lielow tlie surface couhl not start, siiici' tin* vapor iiressiiix' re(|iured is inversely 
proportional to the radius, ami tin* pressure naiuired in addition to the ordinary 
vapor pressun' is also inversely proportional to tin* ladius. However, both 
depend on tlu‘ surface tensi<m and this will ilecrease wlnni the diameter of the 
bubble equals the elTective raiiKe of molecular attraction. 

The Orientation of Molecules: The idea of tlie polar molecule is almost as 
old as the molecular theory itself. The basis of this idea is that the (ielil of 
molecular forces of attrm'tion do(‘s not proceed uniformly from tin* center of 
the molecule but may be concentrated in the neighborhood of one of the at<mis 
composiuK the molecule. 'I'he oxyj^im atom lias lonji bi'cn recoj^nized as one 
whose field of force is not completi'ly neutralized liy the fields of force of 
neighboring atoms held in direct chemical c(unbination with it. Formic acid, 
for instance, may be looked iqmn as haviiiR a larjje field of molecular attraction 
resultiuK in a hinh surface tension, hiph critical temperature, etc. Kthane 
molecules have a very small attraction for one another, as is evidenced liy their 
physical constants. A molecule composed, so to speak, of Ixith, namely, 
propioiuc acid, will tlnm be a polar molecule, one in which the molecular force 
of attraction is more concentrated in one particular part, so that if the.se 
molecules are oblong in shape, the fiehl of force around one end, the - COOII 
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ond, will b(‘ more pronounced. Troin the modern point of view of un atom, 
compose<l of electrons distributed anmnd a p(Ksitiv(‘ nucleus at the center, the 
Lewis, Lanpmuir or Thomson stnictun* of the nmlecule may he represented 
as a system of electron'^ and postti\e nuclei the relative positi«>tJs »ff centers of 
gravity of each of which can Im‘ estimated from the sjiaci' arranjicunent of the 
atoms in the molecule. From this pdint of \ icw, a m<decide is polar when the.se 
t\so centers of gra\ity are some distance ajiart, ami such a inolecuh' can be 
icprescnted as an electric iloubh't with thi‘ total ne^mtive charjji' at om* center 
of gravity and the total positiM' charjri' colh'clcd at the other. In a \(‘ry 
loll}; and coinph'X moli'cuh' sudi as sarcosme. ('ll |N II ('IFCOOll, it is lu'ce.s- 
.sary to repri'seiit tin* distiihutioii of electricit\ by a };realer mimb<‘r of positions 
than two. A}iain. if instead of accoiintiii}t for lln* ni(de<-ular forces of attrac¬ 
tion liy the static «‘l(*r|Mc char^^cs alone, niaunclic lii'hls risinn from I'leelronic 
motion are consideic(l to play a part in molecular attraction, polar molei’uh's 
can in that cast* be repie.'cntetl by inaniietie doublets. 

Tills Is not tlie place* to iliseu's tin* relatne merits of tin* meclianisin i;i\in}; 
rise ti» imdeeidar attiaction, a subject which putiterlx beittnjis to a discussinii 
of the tht'ories of atomic structure It is suHicieiil to sav (hat on tin* basis 
of any of tin* hvpoth(*'es (jUo(«‘<l. p<dar motecuh*s an* conc(*i\able <m tin* d(*rMii- 
tion of um*i)Ual distiibutioii of iiiolei ular at I lactioii Tin* i*\isl('iic(* of imdee-ular 
orientation logically foIl(»\\>. tlii* e*oma*ption of (In* polar nndecule. Supposi* 
that a number of iinderiiles are placial in a row ancho](*d at points i*(pii<listant 
from oiii* ai.othei but free to rotate, }}n‘\ would be oin*n(aled in (he saim* 
direction, On (lie elei-tiic lioiiblet basi>. foi iiisjance, tin* posltl\<* of ailV om* 
molecule Would be adj.iceiit to tlie n(*i*a11\(‘<if Its neighbor III lhr(*(*-dinn*n- 
sional s|>aee, oiieiit.ition uoiihi lake jekoa*, but in a ditT(*r('nt. nianm*r. 'I'ln* 
plinciple I'oNeiniii}: an oin-ntatioii is that tin* distiibutioii of |)osi(ive ami 
iieiiatne' e|< < 1 1 n il\ is sin h that it will be most unifoi m ami tin* pot<-ntial (*nerKy 
thi'iefoie a niimmum Thii', a thiia--dimeiis|onal s>s(i‘m with (*(piieli.stant 
moler-iiles Will, 111 a specaal ease elepeiidiii}: on tin- dlsfanci* betwee*n tin* positive* 
ami neuati\(* (a-iiteis of liiaMtv in (In* inoli-ciile ami tin* clistaiice belwa*<‘n (In* 
molecules, anan};i* itself (hat e ae li j>ositi\e Will le'iid to siilTouml itself bv 
eiylit in'uatiNe's and \ na* M-i'sa In sin b a s\ stein, wln*ie tin* niole’cules do not 
lotate*, (be foiees of mutual attraction boldiii}' tin* sysjeni loj;etlier as n whoh^ 
may In* ve-ry eonsideiable, independi-ntiv of aiiv \ibrati>ry niovenn*iit wliieli 
tin* imdeeuh’s ma,\ lia\e* Hut once the iindeniles are };i\eii rotational move¬ 
ment and traiislatory mo\(*nn*nt (the latter iniplyiii}; that (ln*ir averaice 
positnins do not remain lixed n*iati\e to one anotln-r), (Inui (In* force* of mutuui 
attraction will dimiiiisli, and tin* nnui* xi tin* Kn*al»*r their rotational ami 
traiislatory ino\(*nn*n(. In a };as at IiikIi ti*niperatun* tin* moh*(*iilar ori(*ntutioii 
is n*hitiv<ly small. As the ((*iiij><*ra(nn' is iow<T(*d, ami jiartieularly in ii 
Inpiid wln*re (he imde (•ule> me close* to}te*(lier, partial n*(;ionaI orn*ntation may 
take* pla(‘e. Hy partial orn*nta(ion it is impli(*(l that, althejii}!;!) the* axis of a 

'.I. ,f Thonisoii, J h'rn>\llin /»(>./ , 105. .VCt iinjUi Chtiii. Sor., 38, 7UJ 

(lUleU- Lainilunir, J. .l»i. Chun. Sm., 41, se»s 
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molecule will paee through all directiona relative to a line fixed in space, it 
will on the average take up a direction influenced by, and influencing the 
direction of the axes of its neighboring molecules. If this is so, it follows from 
what has been said above that the sum total of the molecular forces of mutual 
attraction of the molecules will vary with the tcnii)erature, increasing with 
lower temperature. 

Phenomena have been observed which are in line with the observed con¬ 
siderations. Certain substances such as cliulesterul acetate and p-azoxy- 
anisole, whose molecules arc particularly polar, melt to form milky liquids the 
milkiness of which disappears with rise in temiwraturc. Such liquids arc 
anisotropic, and the misleading name of “liquid crystals” has been given to 
them by 0. Lehmann.' The turbidity and optical proi)erties were explained 
by Lehmann on the basis that these substances melted first of all to form large 
aggregates each of which wan a crystal, the disappearance of turbidity being 
accounted for by the melting of these small crystals in turn at higher temper¬ 
atures. This explanation is in opposition to the kinetic theory conception of 
a liquid. The liquid crystals would have to be enormous aggregates in order 
to give the optical phenomena observed. Yet, these liquid crystals have low 
viscosity (whereas liquids with large molcculc.s have very large viscosities), 
and their variation of molecular surface energy with the tcm|)crature is in 
agreement with this low molecular weight. In fact, the variation of their 
physical properties, except for the rather sharp disappearance of turbidity, is 
continuous. In order to correlate his theory of liquid crystals with the proiK'r- 
ties of ordinary liquids, Lehmann was willing to abandon the whole kinetic 
theory of liquids. The real explanation of liquid crystals is given by the 
regional orientation of the molecules of the liquid taking place in a manner 
discussed above, an hypothesis which was put forward for the first time by 
E. Bose.* 

The distinction between regional orientation and a small crystal is that all 
the atoms in a small crystal may be looked upon ns belonging to the same 
molecule, whereas in a region where orientation has taken place the molecules 
retain their identity and have trnnslatory and rotational energy possessing 
only nu averaged orientation for a very short time. The regions in a liquid 
are not sharply defined, but pass gradually and without any discontinuity 
into one another. These regions may be momentnriiy represented by arrows 
giving the direction of orientation. Contour lines around these arrows would 
represent the gradual diminution of orientation and blcndiug with the direction 
of a neighboring region. These contour lines would be continuously shifting, 
orientation arrows disappearing and new ones appearing in fresh places. In 
the case of p-azoxynnisole the temperature at which visible turbidity still 
exists increases with the pressure.* This is in agreement with the above 
theory, since increased pressure brings the molecules closer together and 

> Z. fkuiik. Chm.. 71, 3S (1010). 

' Pkyiik. Z; «, VOS (190S); 10. »2. 230 (1909). 

* Hulett, Z. phytik. C'hcm., 28, 029 (1899). 
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increases the chance and probability upon which regional orientation depends. 
These “liquid crystals,” i.e., liquids with visible turbidity, are liquids with 
exceedingly polar molecules. It is probable that regional orientation, though 
far less pronounced, will exist for other liquids whose molecules are not quite 
so polar. The saturated fatty acids exhibit a slight turbidity just above their 
melting points which gradually disaiipenrs with rise in temperature. The 
longer the fatty acid the more pronounced is the turbidity, being very marked 
in the case of palmitic acid, for instance, and not visible in the case of acetic. 
Nevertheless, it is probable that a certain amount of regional orientation exists 
in the latter. Recently an important contribution to this subject has been 
made by the study of X-ray diffraction caused by liquids,' and important 
results may be expected in the near future from this line of research. The 
variation of the extent of the molecular orientation with the temperature has 
an important bearing on the variation of molecular forces of mutual attraction 
and is a factor which may account for some of the discrepancies of van dcr 
Wnals’ theory airplied to liquids. 

The regional orientation does not give a resultant orientation for the liquid 
as a whole. Only when a small enough volume is chosen will the average 
directions of the molecular axes give a momentary predominant direction; 
in a neighboring region the predominating direction may be just the opposite. 
This is what gives ri.se to turbidity in the .so-called “liciuid crystal” liquids. 
.\nothcr type of orientation confineil to the molecules in the surface layer has 
recently received considerable attcidion. The fascinating experiments of 
Rayleigh, Devaux, Debrouste and, more recently, I,angmuir' on the areas of 
water over which small portions of fatty acid can spread show that the area of 
contact of a fatty acid molecule is indiqx'iidcnt of the length of the carbon 
chain, proving that these molecules are (jrientated. I.angmuir extended this 
idea to all liquids wlmse molecules were at all polar. I'he orientation will take 
place in such a way that the potential energy will be a minimum, that is, the 
gradient of the dilTcrcntial force; between liipiid and vaixir will be least abrupt. 
Thus, if the main force of mutual attraction is confined to one end of a molecule, 
that end will tend to orientate the molecule in such a way that it is closest 
to the main body of the molccidcs in the li(iuid. This latter hypothesis was 
developed iiHlcp<'ndently by Harkins'* who collected (^xpcrinnnital data in its 
support. If the molc(udes <d a fatty acid are again taken to illustrate this 
point, they would all tend to have the hydrocarbon part of the molecule 
forming the surface of the li(iuid and the carboxyl groups |)ullcd towards the 
main body of the molecules of the liquid. If it is remembered that the arrange¬ 
ment at the surface is dependent on a dynamic equilibrium, it is easily seen 
that the movement of the molecules will tend to counteract the orientation, 
just as agitation counteracts regional orientation. The surface orientation, 
therefore, treated statistically, means that, on the average, over a long period, 

* KccHom and de SmetU. Proc. Arad. Sci. AmnUrdnm, 26, 112 (1023). 

* Langmuir, Mrt. CArn?. Eng., 15, MW (1010); J. Am. Ctuim. Soc., 39, 1848 (1017). 

» J. Am. Chem. Soc., 39. 354, 541 (1917). 
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the axis of the moicculea will occupy one poaition in preference to another. 
Experimental evidence in support of the idea of surface orientation is given 
hy the examination of the surface energies of* homologous series such as the 
fatty acids. The (piestion of the temperatures at which the surface tensions 
should be compared is answered by comparing the total surface energies, which 
have already been defined ns y - i/o, where qa is the heat required for isothermal 


expansion of unit area. Now, q, < 


dy 

T — , and the variation of the surface 
(IT 


tension with the temperature is pracdically linear ami can be exi)ressed by 
y =» Toll - a7’). Hence y - qn- is inilependent of the temiwraturc. 


TAIU.K III 



Forniii;. 

Acetin. 58.2 

Propionio. fin 9 

Ilutyrio. fii.4 

. fi-l.n 

Palmitic. fi-l.fi 

Hteorlo. fil.8 


Hninsay and 
Shields 

0.90 

l.-M 

1.57 

2.57 
2.93 
3.0-1 


In Tabic III the valuon of the surface (uu'ruif's of some of tlu* fatty acids are 
Riven. It will be noticed that the surface (Miergy decreases with increase in 
length of carbon chain and tends to reach a ininitnuin value. This is in agree¬ 
ment witii the orientation at th(‘ surface. Formic acid lias tlie hirgest surface 
energy and little orientation will probably exist. With increasing length of 
carbon cliain the tendency towards firientation increases with a conse(iucnt 
diminution of potential energy, a limiting value being reached with butyric 
acid. 

Tlie third column in Table III contains the Riunsay and Shields constants 
for the variation of molecular surface energy calculated on the basis of tlie 
theoretical molecular weights. If the variation of surface energy with the 
temperature is a constant for a molecule independent of its nature, then formic 


acid is associated to an exttmt given by 




Whou the higher ncid.s 


arc considered, a simihvr ciilcuhition lends to the apparently iibsurd result that 
these acids are dissociated. In the ense of stearic acid, for instunce 


’ \ 3 j 


= i. From the point of view, however, of the orientntion at the surface, 
dissociation need not be assumed to explain the experimental facts. The 
calculation of the molecular surface to obtain the Uamsay and Shields constant 


. . , (MY 

18 given “y I "J 1 


that is, it is nssumeil that the molecules arc spherical or 


cubical in shaiw. Orientation will mean a far larger number of molecules per 
unit area in the case of the long molecules. The longer the carbon chain the 
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greater the Ramsay and Shields constant, which is in agreement with the 
experimental data quoted above. The stearic acid molecules may even he 
associated as the formic acid molecules are, and orientation will still account 
for the high value of the constant. 

In the beginning of thU section mention was made that the polarity of a 
molecule might possibly be represented l)y either a magnetic or electric doublet. 
An examination of the dielectric constants .seems to point to the existence of 
electric doublets, since the more polar conqwunds have the greater dielectric 
constant. When a liquid whose molecules are jxdar is placed in an electric 
field, this electric field will tend to orientate the molecules if these are electric 
doublets. The orientation will he in a direction such as to create alternate 
layers of positive and negative electricity throughout the li(juid, the positive 
and negative layers obviously taking relative positions so as to diminish the 
intensity of the electric field. Thus, the mechanism giving rise to the dielectric 
constant can l)c easily explained. On the otlier hand, p-azoxyani.soie, which is 
a turbid liquid in the neighborhood of its melting point, has this turbidity 
diminished when placed in a powerful magnetic field,' showing that the 
regional orientations have been given a common direction. .Artificial orienta¬ 
tion has been caused in this case by a magnetic field, .so that the molecules 
might be taken as magnetic doublets. It may be found eventually that both 
magnetic and electric doublets exist in polar molecules. However that may be, 
the long prevailing idea of anon-uniform molecular field of force surrounding a 
molecule is one of the factors which must be considered whenever molecidar 
forces are brought int<) play in connectioJi with tin* licpiid state* of aggregation. 

Molecular Orientation in Films: Ueference wa.s made in tiie preceding sec¬ 
tion to tlie experiment.s of Langmuir, by means of wiiich the orientation of 
molecules at liquid surfaces was estalfii^hed. One phase of this work, the 
orientation of molecules in films of molecular thickness, has i)een sulqected to 
an extended investigation by X. K. Adam * atid tlie re.sults warrant a separate 
.section becau.se of the highly instructive information wliicli tliey have given 
with regard to molecular dimensions atid molecular forces. 

The experimental method used was the .•'anie as that designed by Langmuir. 
It is shown diagrammatically in plan and elevation in I'ig. ft. A trough, A, 
is filled with water, separated into portions by two strips, li and C, of paraffined 
copper immersed in the water to half their tliickness. Strip H is supported 
by the walls of the trough and makes contact witli the sides. Strip C is 
fastened rigidly to a beam balanced <m a kmf(‘ edge, F, whi<‘h is supported by 
a stand not shown in the diagram. On one end of the beam a pan is fastened 
on which weights can be placed, and a counterpoise weight is attached to the 
other end. Strip C docs not touch tlie sides of the trougli and Is free to move 
in cither direction, S or S', Wlien pure water is in contact with both sides 
of strip C, the balance is in its zero position, adjustment of the weights having 
been made so as to bring strip C directly under the knife edge. On placing 

* Mauquin, Comp(. Httul., 152. KiHO (1911). 

* Proc. Hoy. Soc.. 99 A. (1921); 101 A. 4,>2. (>10 (1922); 103 A. 079. 087 (192:i). 
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an oil, which spreads over water, Ijctwccn strips B and C, the surface tension 
forces on C arc upset; that of the pure water predominates and the strip tends 
to move in direction S, but is prevented from doing so by the addition of the 
proper weights to the balance pan. To stop the oil from getting past the ends 
of the strip C, two jets of air arc played at points D and D'. These jets are 
maintained at constant speed, and any effect they have on strip C is adjusted 
in the first instance, before adding the oil to the water surface. 



A 





0 



B 

5 ■ 

c' 

■S' 




1 


! D' 


l''ui. fj. x\|i|>iirivtii8 (or of Kiluj ('liHnictfTistir'H 

A description of the irrecautions that have to be taken, such as the assurance 
of an uncontaminated water surface, will not be detailed. The procedure to 
form the film eonsists in placing a known weight of the substance nut of which 
Iho film is to be formed, dissolved in a few drops of benzene, on the surface 
between the stri|)a B and C, the former being at the far end of the trough. 
After the benaenc has evaporated, the strip B is gradually moved toward C. 
Provided a small enough quantity of substance has been used, no effect is 
noted on strip C until the area between B and C has been diminished beyond 
a certain point. After that, weights are placed in the pan to keep C in its 
aero position, the areas between B and C and corresponding weights being 
tabulated. The weights are expressed in dynes per unit length of C, measured 
in the direction S\ and the area, measured in square centimeters, is divided by 

^ -fi.Ofi X 10”, where m is the weight of the substance composing the film. 
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and M its molecular weight. This gives the average area occupied by each 
molecule. 

The first series of substances examined by Adam were the .saturated fatty 
acids, with carbon chains ranging from twelve to twenty-six carbons. Curve I, 



Area ctn'XIO''* 

0 

Fig. C, was ahtaiiKMl wlicn distillod water was used, and flie temperature 
maintained at 20® ('. Tlie attraetion f>f the ('()()U groui) for water and the 
conse(iuent reduction in surface eiuTgy (*aused liy the spreafling of the acid 
ensured n dispei'sion over t!ie surfjice, one nmleeule tliick. Tiie striking 
feature found was that curve I was identical, within a few ])or cent, for all the 
aculs examinofl. Tliat is, wlien tlie area <»f tin* him Imd heen reduced to the 
extent where the molecules were closely packe<l together, the area occupied 
per molecule was found to he 21 X It) sfjuare centimeters, inde))endent of 
the length of tin* carbon chain. When the area was diminished below 21 
X sq. cins., a slight oompres.sion occurred, indicated by the curve ah, and 
then, suddenly, the film was found to collaj)>e, due to tlie piling up of the 
molecules of the film. The fiict tliat the mf>lei!uh's fiecupy the same area 
independent of the length of the carbon chain, and tin* fact tliat the area found 
(21 X 10~‘* sq, cm.s.) is the area of the em.ss-section of a (TIj group estiniaUal 
in other ways, is conclusive proof of the orientation of the molecules composing 
the film. 

Naming the polar group the head of the molecule (in the ease of the fatty 
acids, the COOH group), it apjKjars that the licad occupies a greater area than 
the cross-section of the chain. Where the film is spread over distilled water, 
the cross-section of the chain gives the effective area, because of the different 
depths to which alternate molecules enter into the water. That this is so was 
shown by increasing the liydrogen-ion concentration of the water, which 
diminishes the attraction of the COOH group for the water and forces all tliese 
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groupB to the same level. Curve II shows the result obtained for any saturated 
fatty acid, spread over N1100 HCI solution. The area corresponds to 25 
X 10'“ sq. etna., the cross-section of the polar group. Diminution in area in¬ 
creased the lateral pressure on the film molecules and forced the heads to 
different levels until the carbon chains were again in close contact, correspond¬ 
ing to a cross-Bcction of 21 X 10' “ sep cms. This is brought out by the point 
of inflection, d, in Tig. (1, curve If. 

Table IV shows a number of results selected from a large number of sub¬ 
stances examined. Column I gives the name of the substance composing the 
film; column II the number of carbon atoms; column III the area of the cross- 
section of the carbon chain; column IV that of the polar group. 


TADI.K IV 

I’noio;uTli;s or Oiokstsd Films 



NuiiiImt of 

(’niHs-sectifni 

Tcniporaturo of 


(‘ Atom.s 

(diaiii 

[lend 

Kxpnnsion 

MyriMtif! acitl. 

14 

21.0 

2.').1 

9° 

Htojiric arid. 

IH 

21.0 

2.').1 

Hi® 

acid. 

22 

21.0 

2r).l 

72.r>® 

(’ctyl uloohol . 

Id 

21.0 

21.7 

49® 

fitwifio iiitrilo. 

IK 

21 0 

'27.r> 

2(1® 

Hnxmlocyl i>h(*in»l . 


21.0 

Z17 

:>:{® 

Octatlocy! piieiitil. 


'.M 0 

2;i.s 

00® 


It is interesting to note tiuit the area occupied by the head in the case of 
bciuene compoumls such as octadccyl phenol, which have a long carbon chain 
and a polar group in the para position, aviuagcs 2;i..X X 10 ■' sip cms., which 
is in agreement with an urea of 2.'i.3 X 10'“ sip cms. as deduced from the 
measurements of liragg on the crystal structure of benr.ene. 

At low temperatures the molecules in the film are in direct contact over 
the whole surface and in this eondensed condition arc in cither the liipiid nr 
the .solid state. The films show no hysti'resis effects and the portion, ah, of 
the curve shown in Fig. 0 does not vary appreciably with the temperature. 
The lower parts of the curves, Ik, have the general shape of hyiierbola.s, and 
represent the effect of the film while the area per molecule is greater than the 
cross-section of the chain or the head. The molecules of the film are under a 
vertical force due to the attraction of the polar group for the water, the force 
which causes orientation but is not sufficient to cause actual solution. The 
molecules of the film arc furthermore held together by the attraction they have 
for one another. Counteracting this horizontal force is the kinetic energy of 
the molecules of the film In equilibrium with the thermal agitation of the water 
molecules. This tends to disis'rse the molecules and those at the edge of the 
film evaporate, ns they arc confined to the surface of the water by the attraction 
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of the polar groups. Adam accounts for the portion, be, of the curve in this 
way. 

Adam observed a change of “state’* to take place wlien the films were 
gradually heated. What occurs can best be explained by referring to Fig. 7. 
The curve shows what hai)pened when a i)almitio acid film, spread over a 
A/100 HCl solution, was warmed, the stript’ in l-'ig. V being maintained in its 
zero position under a constant 
force of 1.4 dynes. At the lower 
temperatures the area 25.1 X 
sq. cms., corresponding to tlie 
cross-section of the head, remained 
constant until between 2.S® and 
35® a sharp expansion took place, 
followed by a small steady expan¬ 
sion above 35°. The expansion 
coefficient above (Ids temperature 
corresponds in magnitude to the 
tliermal exj)ansion coeffic,i(‘nt of a 
gas. A change of state evidently 
occurred, analogous to the cliange 
of solid to gas. The longer the car¬ 
bon chain, the greater is the hiteral 



TerDperot are 
Tio. 7 


iiid.as a rcMiIl, the tem|M‘rature 
f carlxm chaim Tins is lirought 


attraction l)etween the orientated molecules 
at which this change occurs rises with huigth 
out by the la.st column of Table IV, an ad<lilional ('ll;, group corre.sponding 
to a rise ()f 9°. That the ])olar group has an inliucnce and that therefore its 
lateral attractioji comi's ijito play is shown by comiiaring stearic acid and 
stearic idtrile films, the t(*mperature of change of stat(‘ of these films dilTering 
by 20° altliough tliey have the saiin* number of ('II 2 groups per molecule. 
This siiows the relatively great attracticni between the polar groups as com¬ 
pared to the hydrocarboti chains. 

The experiments described illustrate tin* existence of orientation of molecules 
and the predominating influence of the iiolnr group on the projMTties of 
molecules. 

Effect of Orientation on Physical Properties: In the iireceding sections it 
was shown that molecular orientatiem exists umh'r certain conditions and it 
is worth while to point out definitely what influence this phenomenon may be 
cx})ected to have on the physical constants. 

The magnitudes of the physical j)ro|M‘rties, melting point, surface tension, 
van dor Waals’ a, etc., are governed by the molecular forces. The larger the 
relative value.s of the.se constants the gr(‘ater are tlie molecular forces. Melting 
point can be interpreted as the temperature at which the molecules are anchored 
to definite positions in space relative to om* another, that is, the tcmiTorature 
at which the molecular force of attraction is stnmg enough to prevent trans¬ 
lational and rotational movement due to their kinetic energy of the molecules. 
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Surface tension of a liquid is due to the differential force of attraction on the 
molecules near the surface of the liquid at low vapor pressures, there being a 
larger number of molecules below than above the surface layer. The critical 
temperature is the temperature at which the average kinetic energy of the 
molecules is just sufficient to permit their escape from the main body of the 
liquid under the condition of concentration least favorable for escape. Van 
der Waals' a is a measure of the diffidence of pressure registered on a ma¬ 
nometer from the true pressure existing in the bulk of the gas. 

In the following table a number of related comiKiunds which have been 
examined arc written down in a decreasing order of magnitude of the physical 
constants mentioned above. The substances chosen arc compounds for which 
the constitutional formula is well known and (except in thi' case of the triple 
bond compounds) can be readily represented by the I.ewis-I.aiigrauir or 
Thomson atom. 


TABLE V 


Critionl Tomiioraturt', 

Stjrfrmo 'reiiMhm, 1 

Freezinn Point, 

OiUtOH 

LitiuiiU ' 

Solids 

Ethyl alcohol 

JbthyltMie tixidc 

Afflylein* 

Ethylene oxide 

Afcliildeli.kdi! 

Allyiene 

Acetaldehyde 

Aoetylciio 

Kthyleiif' oxidt' 

Methyl ether 

Methyl ellier 

Ethyl iih'oliol 

Allylciio 

Allylono 

Acefiiltleh.kdt* 

Propniio 

Propylene 

Methyl otIttT 

Propylene 

! Propune 

Elln lene 

Acetylene 

! l']thylein‘ 

ICthiino 

Ethane 

Ktiiyl tilnihol 

PropyleiM! 

Ethylene 

Etlififtf* 

Projiane 


The order of the compounds is liy no means the same in all three columns. 
If the properties are really representative of molecular force of attraction, the 
first conclusion would be that the force of attraction varies with the tem[)er- 
aturc, that is, with the molecular velocity. Although this is doubtless true to 
a certain extent, inasmuch as the viidence of collision may influence the relative 
positions of the atoms in the niidecule, there is another rca.son for the variation 
in tho columns, namely, that the molecular force influences the molecules in 
two ways: first of all, the attraction of the centers of the molecules which tends 
to cause approach; secondly, the polarity of this force which lends to orientate 
the molecules relative to one another. In the case of gases, the first pre¬ 
dominates, since, due to the equilibrium between rotational and translational 
energy, the rotation of the molecule may be looked upon as preventing orienta¬ 
tion. This is not so in the case of the molecules in the surface of a liquid. 
Langmuir’s ingenious exjieriments have shown that polar molecules at the 
surface of a liquid are, on the average, orientated so that the surface energies 
are representative of the attraction of the polar group for the main body of 
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the molecules which are not orientated. This force dimintsiies with length 
of molecule or rather with the distance to which the polar group can get below 
the surface. In a solid, all molecules are so completely orientated that they 
lose their identity to such an extent that the solid as a whole may be regarded 
in many cases as one molecule; quite a different force will be recpiired to pull 
the molecules into the liquid. 

The critical temperature is, then, the measure of the attractive force 
between the molecules at the surface of a gas and the main ixidy of the gas, 
neither set of molecules being orientat(*(l. Tlie >urface energy gives the force 
of attraction between the molecules at the surface, winch arc orientated, and 
the bulk of the molecules, wliieh arc not orientated. The melting point is a 
measure of the attraction between orientated molecules at the surface and the 
bulk of the molccule.s, which, in this case, are also orientated. Other physical 
properties similarly depend on one or other of the above ))ossib!e (»ricntation 
combinations. Thus, van der Waals’ a and critical temperatun*, latent heat of 
evaporation and surface tension, are, in a hrikad sense, interchangeable in the 
above table. 

In general though, taking a large number of different sulistances, those 
which come near the top in one list come near the top in another. This applies 
particularly to tho.se which are not decidedly polar. Th(‘ erilical tein{>eraturo 
and van der Waals’ n are the best measure id the total attractive force. 

Cohesive Force, Law of Force of Molecular Attraction: It has already been 
mentioned that liquids have a cohe-Mve force (‘videnced experimentally by a 
tensile strength which cannot he measured (juantitatively. It follows from the 
derivation of van dor Waals’ equation that the cohesive foree is represented by 

~, where a is van der Waals’ constant. When a is calculated for water from the 

critical constants of that substance, (and if must he remeinhered that a is 
obtained only approximately in this way), the Mirprisingly large value of eleven 
thousand atmospheres is obtained. Thi.s i> called the "intrin.Mc pressure.” 
A manometer of infinitely sinail tlllckne^s when jdacod in the water would 
register this pressure in addition to (he comparatively insignificant vapor 
pressure. The pressure would he due t(» the attraetioii of the molecules on 
the opfmsite sides of the imaginary manotnefer. Since the molecular force of 
attraction falls off very rapidly with the distance, as is evidenced by the 
constant surface tension of a film down to a thickness of 10“* cm., the ma¬ 
nometer would have to be of a thickness less thatj this in order to indicate any 
intrin.sic pressure whatever. Ol)viou.dy, this pr<‘s.sure cannot be measured by 
mean.s of a nuinometer. The illustration serves to show, however, what is 
meant by intrinsic pressure. 

Stefan ' and Duprd * have suggested methods for the indirect determination 
of intrinsic pressure. Duprd considers that the internal heat of vaporization 
of a liquid is a measure of the intrinsic pressure. Stefan has argued that the 

* Wied. i4nn.. 2V, fg>5 (1SS6). 

* CompUi Rendus, 66. 141 (lS(iS). 
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latent heat of vaporization of unit volume measures twice the intrinsic pres¬ 
sure. This would result from the conclusion that the work necessary to drag a 
molecule from the interior to the surface of- a liiiuid is equal to that which 
would suffice to drag the molecule outwards from the surface beyond the 
range of molecular attraction. If this relation holds, 



From this c(|untion putting <lv (niual to 1 cc., and assuming a value for the 
internal latent heat of vaiiorization for water e(iual to .540 cals., an intrinsic 
pressure of the order of ten thonsaiid atmos|)hereB is calculable. It should not 
be expected that such a calculation will give anything other than the order of 
magnitude, since additional degrees of freedom, more particularly of vibra¬ 
tional motion, may be gained by the molecules on evaporating. 

In unassociateil li(|uids where molecular regional orientation is assumed to 
be absent, the elTr-etive volume of a molecule may, owing to its rotation, be 

n^garded as spherical. If theiaw of attraction has the form — , the work done 

r" 

in separating the, molecules from their initial average distance rj in the liquid, 
to their final average distance r„ in the gas will be 

J,, r" a - 1 \ r," ' r." ' 


J. W. Mellor' has pointed out that this is ecinal to 




Since iq and e„ are proportional to re’ and r„’, (a - 1) will he equal to 3, and 
hence n = 4. 

Unfortunately, from an experimental pinnt of view the internal latent heat 

relationship would reipiire L, proportional to ( *■ - -■ V and this does not Indd 

\i'i vj 

for any std)atance over a tiunperature range. Mills,= for instanee, assuming 
that the force of attraction varies as the inversr' sipiare whirdi woidd make the 

work done equal to Uj ( - - — Y and, taking DiiprC-'s idea that the work done 
\ri rj 

in separating the molecules is equal to the internal latent heat, concluded that 
ij would be proiwrtioiial to ( —- V He found that the experi- 

mental values of Li, h, and obeyed the above relationship for some thirty 
substances over a wide range of temix-ratures. Edser ’ in a recent paper has 
‘ Phil. Mai.. (D) 3. 43,1. 1902. 

' Mills, J. Phm. Chem., 6. 200 (1002); 13, 512 (11X10), 

* Fourth Report of British AMoointitm uii t’oUoid Chein.. p. 40 (19-2). 
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criticized these deductions on the ground that the variation of the constant 
with the temperature was neglected. He points out that the inverse S(|Unre 
law obviously cannot hold and that the agreement obtained by Mills was due 
to the variation in molecular force of attraetion with the temperature which 
just compensated for the error involved in using the inverse square law. ICd.ser 


obtains empirically that a must lie rejilaced by n f I - V aud conies to 


the conclusion that the intrinsic pressure is eipial to 7. 



which 


gives the value of the intrinsic pre.ssure for water (which has been used above 
as an illustration) ns twelve thousand atmospheres. In the same pai«‘r, ICdser 
shows that the surface tension is eipial to the intrinsic pressure multiplied by 
the diameter of the molecule and a known function of ii when- ii is the power 
in the inverse distance law. liy using the known values of the surface tension, 
the internal pressure given by the above equation, and an a|>proxiinate value 
for the molecular diameter, sixty-five different substances gave the most 
probable value of n as being S, so that the attraction apparently varies as Ibe 
inverse Sth jiower. Space does not permit further discussion of the ilerivation 
of Ed.ser’s relationship between intrinsic pressure and surface tension. 

The value n = S is not proven conclusively, as F.d.ser himself emphasizes. 
The assumption which has to be made in calculating the diameter of the 
molecules and the a.ssumption that Ibe internal latent beat repre.senls oidy the 
work done in separating the molecules from one another are not alone the 
causes of this uncertainty. The function of a is such that a large variation 
in H affects the relationsbi]) only slightly. Moreover, it is probable that n 
will vary from one sjiecies of molecule to another. Hut it doi's semn certain 
that n is eipial to or greater than 4. 

The range of molecular force is of course a subject of great importance and 


de|>en<ls upon the value of fas well as on the \ aloe of ain —. I he range given 


by the above expression is of course infinite, but may be arbitrarily defined 
as a distance at which it becomes negligible comparial to the attractive force 
of gravity. 

Viscosity of Liquids: The mean free path of a molecule, which, in the case 
of a gas, could be estimated so readily from viscosity and thermal conductivity 
data, can manifestly not be evaluated in the case of a molecule of a liquid. 
The mean free path of a molecule of a liquid is certainly very small relative 
to that of a molecule of a gas; possibly it differs so little from the average 
distance between the molecules that one hesitates to use the term at all when 
applied to liquids. Not only is the number of molecules per cubic centimeter 
enormously greater than in the case of a gas, but the molecular attractive 
forces play a greater part in deflecting Ibe molecules and shortening their 
mean free path in this way. The phenomenon of diffusion is evidence of the 
existence of a mean free path, but no definite information can be obtained eon- 
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corning the magnitude of the free path. For, the diffusion can at present 
only be followed by the movement of dissolved molecules and this introduces 
the complex problem of the attraction between solvent and solute molecules. 
Information on this question may be obtained in the future by measuring the 
rate of the diffusion of one radioactive isotope through another. As will be 
seen, the coefficient of viscosity throws no light upon the mean free path of a 
liquid molecule. 

The coefficients of viscosities of liquids can be most conveniently determined 
by a method depending on the rate of flow througli capillary tubes, making 
use of Poiseuille's relationship. The coefficients of viscosity show that there 
is a marked increase with increase in molecular weight. The temperature 
coefficient of viscosity of a liriuid is ojjpositc in sign to that of a gas. 

The problem of viscosities of liquids was greatly clarified by the work of 
Phillips,' who measured the viscosity of carbon dioxide at various temperatures 
over a large range of pressures extending to very 
high pressures, where the carbon dioxide may be 
looked upon as being in the state of a liquid so 
far as the molecular forces of attraction are 
concerned. In Fig. 8 are shown the isobars of 
the coefficients of viscosity at various tempera¬ 
tures. The l-atmosphere isobar shows that the 
viscosity increases with the temperature in ac¬ 
cordance with the kinetic theory of gases. In 
the neighborhood of this pressure also. Max¬ 
well's law, that the coefficient of viscosity does 
not vary with the pressure, hold.s fairly well. 
The law, however, only holds as long as the gas 
approximates to the ideal condition. As the pressure is increased considerably, 
new factors come into play and the viscosity increases with increase in pressure. 
The 40-atmoBphere isobar still shows a laiaitivc but slightly smaller tem|)er- 
ature coefficient for the viscosity. The (iO-atraosphere isobar indicates that 
viscosity is indeirendent of the temperature. At this pressure and over the 
temperature range shown, the av('rage volume of the carbon dioxide is .some 
twenty-five times that of the space occupied by the molecules as calculated 
from van der Waals’ b. The 7()-atmosphere and higher isobars show negative 
temperature coefficients similar to the temperature coefficients of viscosity of 
liquids. Thus, the change in the property of viscosity varies continuously 
from gas to liquid. 

The motion of a stream of molecules through a region dense with other 
molecules means a displacement of these moleeulcs. This can only be ac¬ 
complished by their moving against the attractive forces existing between them. 
The motion is analogous to that of one piece of sandpaper moving over another 
against which it is pressed. The. two pieces of paper will not be as close to¬ 
gether as they are when at rest. Motion of the molecules through the other 

' Pm. Hoy. Soc.. 87A, 48 (1912). 




THE LIQUID STATE OF AGGREGATION 


145 


molecules of a compressed gas requires work to be done against the intrinsic 
pressure, and this factor will eventually outweigh all others. Hence, the 
viscosity of a gas is greatly increased when the iiitrin.'^ic pressure becomes 


large. In a liquid, the intrinsic pressure is given by “■ wliich, when the vni»or 


pressure is low, is proportional to-The increase in volume of a liquid 

{v - b) 

with temperature will thereb>re decrease the visco.sity. Hatschinski * has 
shown that the viscosity of a litiuid is ch^sely related to its volume when ex¬ 
amined over a temperature range. 

Specific Heats of Liquids; The molecular heats of li([uids cannot, as yet, 
be deduced from theoretical principles. The heat added to a liquid is used 
up in so many different ways, few- of which can l)e separately (‘climated, that 
this inability to calculate the nndecular heats of liqunls is not surprising. 
Knergy has to be supplied not only to increase the translational and rotational 
movement of the molecules but also to increa.se the \ibralional movement (ff 
the atoms in the molecules. The latter is quite marked as evi<lencetl by the 
increa.sed molecular heat with increa.sed number of atoms in the molecule. 
A fairly constant increase in molecular heat per additional ('Jl^ group in 
homologous series has been found. Hesi<les tlu-se modes of energy consump¬ 
tion, hciit is retpnred for expansion against tlu' moiccul.ar forces of attraction 
w'hich, in a liquid, are considerabl(‘. The speeilic heats of substanc('s in the 
liquid state are, conse<piently, greater than those of .substances in the solid or 
gaseous states. 

The specific heats f)f li<juids have been measured at constant pressures oidy, 
since the detenhinatijui at constant v<>lume presents great experimental 
difiieultics. The molecular heat at constant prevsure for a ])olyatf)mic gas 
is of the order of 5 to 10 culori»’s. Coinpan^ this with the molecular lieat of 
the liquid hydrocarbon, mesitylene 1-.’I-.') (‘,H ,(<’ll ().i, which is 70.4 cal. 
The molecular heat of an organic liipiid increa''es from (i to 10 calorie.s for tlie 
addition of each CHo group. This fact i-^ the best e\idi'iiee for the large 
amount of energy bound up in the vibratory motion of the atoms in the moh*- 
cule. It i.s therefore not surprising that tlie nioleeiilar heals of licpiids increase 
with rise in temperature just as do the molecular heats of gases with vibrating 
atoms. The molecular heats (»f li<iui<ls containing only one atom to the 
molecule might be expected to be relatively h»w. 'I'liey should not increase 
with the temperature since there is no pifssibilily of increased vibratory motion 
of atoms in the molecule. As a matter of fact one would expect a negative 
temperature coefficient for the molecular In-at of a nnuiatomic liquid. The 
heat added to a monatomic lifpiid shouI<l be .a cal. plus the heat equivalent 
of the work done during o.xpansion, (hat is, the work <lone in separating the 
mo'ecules against their moleenlar attractions. With rise in temperature and 
therefore inerea.'^ed volume (his work should he less and loss and therefore the 


‘ Z. pkystk. Chan.. 37. 214 (1901). 
6 
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specific heat should diminish. Two liquids believed to be monatomic have 
so far been examined. Liquid argon has a molecular heat of 10.5 cal., constant 
over the short temperature range of sixteen degrees over which measurements 
have been made. Mercury has a molecular heat of 6.68 cal.' at 0° C. and 
this actually decreases to 6..56 cal. at 85° C,, in conformity with the idea out¬ 
lined above. 

The projrer procedure in an examination of the molecular heats of liquids 
would be to measure the specific heats of gases under increasing degrees of 
compression and to follow out the changes in specific heat as the gas is com¬ 
pressed from a condition in which it is in its ideal state to pressures where its 
condition approaches that of a liquid. 

* Barnes and (.'(M>ke, PAys. 16, C.'i (Iiio;i). 



CHAPTER V 

THE SOLID STATE OF AGGREGATION 

BY HOBERT N, PEASK, Pir 1), 

Pro/fsM)' of Chnninir!/, Unhcr/tit}/ of Vti'jim'o 

TliP ordinary conceptual of a sclid rcprc^cMits it as a p*)rlion of matter 
possesHiig rigidity-that is, offering resistance to forces Imulmg to deform it. 
Solids differ from fluids in not Ixdng subject to flow Such a distinction has 
little value from the scientific standpoint becaiisi* of i(> indermiteness; for 
flow can be induced in nearly any solid by the proper a[)[)lica( ion of a sufficienfly 
great force. A much more fundamental (listinclion among (he states of matter 
follows from the recognition of the faet tliat the majority of substances can 
exist in solid forms which are boutuh'd by plane surfaces so oriented to one 
another that the whole po>sesses Mime degree of symmetry. A sul)stanc<' in 
(his state is sai(i to be crystalline and (lie state is caileil the crystalline stall’ 
of aggregation. All other solid bodii's arc elas.M'd as anioiphoiis and are to 
1)0 regarded as nothing other than litpiids of great viscosity. Among such 
.substances are gla.sses and ri’siiis. 

That amorphous solids differ from liipiids only in degree is demonstrated 
by the fact tliat on healing they lose, bv impelecptililc gradations, Oieir rigidity 
and may become’ as (liiid as watiT. The aliM’iiee of a didinite transition point 
renders it futile to attempt to distinguish such bodii's as miIuI under one set 
of conditions and li({iiid under another. With ejvslallim’ solids, liowever, 
matters are very diffen’iit. lOvi’ry crystalline stilid has a definite transition 
point at which it undergoes an abrupt ebange into a hqiiid with ab.sorption of 
heat. Amorphous solids can be reganled as partaking in tliat continuity of 
.state which characterizes the transjiion from gas to licpiid umler given con¬ 
ditions. No such continuity characterize', the transition from crystallim* to 
licjuid states, so far as can be di'-covered fnxesjigatidiis on the influence of 
tremendous pressure on the behaviors of crystalline siibstanci’s have shown 
that the transition (o the liipiid slate invari:ibly takes place abruptly when a 
definite temperature, which (!e|)ends upon the jiressure, is reaclx’d.* 

It may therefore be conchuled that there is a fumiaim-ntal difference between 
the crystalline and all other states of aggregation. ITom eomparatively early 
times it has been believed that crystals are to be regarded as structures built 
up by the symmetrical arrangements of some ultimate units, as contrasted 
with the random arrangement of such units in flnid.s. The discovery by 
Triedrich and Knipping,’ acting on a suggestion of baue,^ that crystals act 

‘ See. e.g.. Bridgman, Proc. .Iw. ,SV/ , 47. ^41 UDlJ) 

*•Srtz6<T. K. Baj/. Akod., Jiint* (laiJi. Jahthurh. d. findi'tokl. u. EUklromk, 11, .30H 

(1914)^/^ 
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as thrce-ilimcimional optical gratingK for X-rays, with all its results, has left 
little doubt that such is the ease. Tlic constituent atoms in a crystal are 
arranged in a definite pattern which Is regularly rej)eated tliroughout the body 
of the crystal. In fluids, definite arrangements of atoms witliin the molecules 
undoubtedly lM^^sist, as witness tlie fact that liquids and vapors may be opti¬ 
cally active, but the molecules themselves arc distributed at random.^ 

TuK KlKMKNTS of f’UY.STM.noOUAniY 

Crystal Form: A study <if the forms which crystals assume 1ms led to the 
recognition of certain gimeral laws of crystal form and to a clas.sification on 
the basis of tbe degree of symmetry possessed by such forms. This is embodied 
in the science of crystallography. 

If different crystals of some pure su!)s(ance which huv(‘ been prej)arcd by 
essentiftlly similar processes are examined, they will he found to differ as to 
size and us to the extent of development of eonx'sponding faces. These things 
depend, in a manner o?dy incompletely kiiowji, ii|)on the method of prepara¬ 
tion. If, liowever, the angles fonm*d by the iiitersi-ctioii of c<»rresponding 
faces on these different crystals are measunMl, it is found that these are always 
the same. This fa(d. is embodied ip the jii>t law of ci\\stallogru))hy—the law 
of the constancy of interfaeial angles. 

Kven a cursory examination ()f a crystal is in many eases suni<-i(mt to con¬ 
vince (me that the orientation of its faces is bv no meatis random. Thus, the 
faces (III crystals of sodium ehiorid(! obvioiir.ly unite to form :i cube. In the 
majority of ease's, however, there are clearly preMUit fae("> of different char¬ 
acters. Tlu'se usually occur in groui)s of lik«' face's arranged symmotriciilly 
with respect to the crystal as a wJiolo. Sueh groups coiistitule a form. 

The second law of crystallography deals with the oiientation of the faces 
on a crystal witli ri'spect to one another. The* crystal may be supposed to 
have running through it axe's (known as axes of reference) with ivNpect to which 
the faces may !«' placed in space. When llu'se' are suitablv elioseu, it is found 
that all faces cut a given axis at dislamvs from tlu' origin which stand to one 
unotlier as small whoh' numbers, if tlmy cut that axis at all for they may 
alternatively ho parallel to it. This is the s('c,ond law of crystallography-the 
law of rationality of inti'rcepts or indic'c's. 

It follows from the law of rationality of int(‘rcepts lliat tluTc coriTsponds 
to cacli reh'rence axis in a given crystal an indivisible unit of length in terms 
of which the intercepts of faces on that axis are expn's.sible as Muall whole 
numl>ors. This unit may or may not be the same for the different axes of the 
crystal. The actual values of the unit for eorri'sixmding axes on individual 
crystals obviously depend upon the size of the crystals. The nffie.s of the 
units on tlu' different axes are always th(' same for crystals of the same sub¬ 
stances, however. Tliis follows from the law of constancy of interfaeial 
angles and is soinetimes termod the law of constancy of axial ratios, 

* See however luiuid rrynUds aiul surface lilms. 
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For the axial ratios of a crystal, it is customary to cluxw the ratios of the 
intercepts of some characteristic face rather than tlie ratios of the above- 
mentioned units, some one intercept l)einf 5 taken as unity. The intercept.^ of 
all other faces can then he simply related to these. For example, in the 
mineral, barite, a face who.se intercepts stand in the ratios 0.81,‘); I : 1.81JI 
is chosen as the unit face. We may dosiRnate these as a : h : c. The symb(>ls 
of all otlier faces can then he written in terms of tliesc. Two such faces have 
intercepts which stand in the ratios l.tWO : 1 : and O.Sl,'): « : 0.328, 

respectively. These can evidently he written as ‘Ju :!>:(• and (f : : Jr. 

The hatter are know'ii as the U'cj'.vx of the faces. As these symlrols ah' 

rather cumbersome, another set. in which (he smallest whole !iumlK‘rs (‘x- 
pressing the ratios of the nciprnrals of the rinjjirleols of the Weiss .symlails, is 
now universally used. These svmlaih are known as the Miller intlires of 
the face. Thus, for the second of the two faces mentioned above, the Weiss 
symbols are a : och : Jr. The cocilicieiits stand as 1 . « : J. The reciprocahs 
of these .staml as 1 : 0 : 4. The Miller indlce^ of the ficc are ('xprt'sM’d as 
il01|. For the otiier face, tlio Milh-r indiers are ll22|. 

The Classification of Crystals: Then' are recogni/ahh'. on the majority <if 
crystals, .sets of faces similarly oru'iited with n'sp<‘ct to fhi* syniiiM'lry of the 
whole. Such a set is known as a Jiirni. Thus, the six fices of a cube togetlier 
constitute a form, as do the eight faces of an octahedron. These forms can 
he gathered into groups which hav<' the same mimbi'r of axes and [ilaiies -that 
is, the same elements-of symmetry. Such gioups constitute the crystal 
classes, t)f which there are 32. Axes of reference may l>e ehosen f»r each of 
these classes such that the indices of all the fices of any one firm are the same. 
When this is done, it is found that (he crystal clasM's can lie grouped into sets 
for which the axes are the same as regards (’ipialily or ineipiality of llieir letigilis 
and of the angles they make witli one aiiotlicr. These si'ls an' the cry.sial 
systems, of which there an* s('\('n. I’lii'se scvi'ii crystal sy^jcnis with their 
axes are: 

I. Thi Tiiclintr or Anorlhit Sytyl'Ui Tlircc (-f un< <pi.tl ;iil uirlincd i»L unojiuil 

(»ih<'r than UU°, UO", 4.5° or 40°. 

II. Tkc MimiK-hiiic. iir 'I'lif '' "I I' liB'l'...ill l-wli'' 

ariKla. (.) the other two, whiell are ilii'lliii'd to one aaolltcr. 

III. The Uhimhc or Orlln'rhdmhr 'I'hroo ale. of illio.|iial loiiKih hill at riithl 

angles. 

IV. The Titrauimeil Si/thm Three roelarii:iilar a\e., l«o of nhiih are of e,|iial leiiBih. 

V. The Trigoml Siislim: 'I'liiee ;i\o. of ei|iial h imlli, foriiiiiiK e.|iial aimli'a (other tliali 
tKl®) with one another. 

VI. The Hexagonal Syntem- Three fixe> of (‘.pial h-nglli I\iiig in the mime phiiie mid 
inelimHl .it 00® to each other and a fourth axis jierpeiiflieiil.ir to lliem and imerpial to them 
in length. 

VII. The Cnific System: Three eijual rcetanjcular uxiis. 

Crystal Structure 

It was early recognized that the external form of crystals and their proper¬ 
ties o^fcvage indicated an internal structure consisting of some regular 



iPM». Baftr, the digdoverer of the law 
im the feet that when erystab of nuoy eub- 
(tanMi, imeh w dilute and roek lalt, aie shattered, the fragments have the 
lachefom aa the oiighial eryitals, and suggested that repetition of the process 
d fragmeniatioa weldd evCntnalljr yield elementary particles (molecules inte- 
grantes) haying tha<^iame form as the larger crystals. These elementary 
})artiolM were regard by HaOy as the “bricks” which form the complete 
crystal when packed side by side. He was able to show that this type of 
structure would account for the law of rational indices. Although this par¬ 
ticular theory became somewhat discredited for many reasons, the fundamental 
idea has been retained. By degrees, however, the emphasis has been shifted 
from the elementary particle itself to its center of gravity or other point chosen 
the same for all the particles. These points can be thought of as arranged in 
some regular fashion on a three-dimensional trellis-work. Suppose that three 
Mli of parallel planes interpenetrate, the distances between planes being the 
in each set but in general different for the different sets. Then the lines 
k which the sets of planes, taken in pairs, intersect, represent the trellis-work 
and the points at whieh one plane of each of the three sets intersect, represent 
the points at which the elementary particles may be placed. Such an arrange- 
‘ment is known as a tpace-lattke. 

It is evident that as many interpenetrating space-lattices could be drawn 
as there are like points in the elementary particles. Fur example, one such 
lattice might be constructed for each atom in the molecule. Thus, if in calcite, 
the molecule CaCOi is taken as the elementary particle, five interpenetrating 
space-lattices of identical dimensions could l>e constructed, at the points of 
one of which would be placed the calcium atoms, of another the carbon atoms 
and of three others the three oxygen atoms. These five lattices may be re¬ 
garded as derived from the fundamental lattice by translation. A new and 
mdre complicated arrangement of points in space obviously residts. Such 
im arrangement of points is known as a tpaee-group. 

From considerations of symmetry, it has been found that only a restricted 
number of space-groups, obeying the law of rational indices, is possible. There 
are in fact just 230 such symmetrical arrangements of points in space. With 
respect to their symmetry, these 230 arrangements fall naturally into 32 classes 
which are identical with the 32 crystal classes. If the space-groups represent 
the actual grouping of atoms in crystals, it is obvious that there are many such 
groupings possible in the majority of the crystal classes, that is, there are a 
number of aiterigKive arrangements of atoms which all have the same 
symmetry. The older method of studying crystals, based on the character of 

faces developed, can usually establish the symmetry and thcrrfore the class 
'^:i|diich a crystal belongs, but gives no information as to tin Bpace.i[roup, and 
tiSittfore the actual arrangement of atoms. It is the great a^vement of the 
X4ay method of analytis of mystal structure, Which win now he discumed, that 
it was able to take this Igst step. By means rd X-ray^ analytas, tte arrangements 
of atoMg kwIlfis number id crystals Iwvc MW hfkn'dfdNMyaitaUish^ 
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X-rayt.and Crystal Structure: Tho uivostig!iti(uis which have culminated 
in the determination of the arrangements of atoms in crystals with the help 
of X-raya had their beginning In attempts to obtain diffraction effects with 
X-rays. With an ordinary optical grating, tiicrt' is measurable diffraction, 
indicating that if X-rays are actually light wave.v. tlaur wavc-lcngtlis must bo 
very small even compared to that of \isil)le light.‘ \‘arit)us estimates had 
set these at 10“* to 10~* cm. Since the spacing of the lines of a grating must 
be of the same order as the wave-length of the light to be measured in order to 
obtain appreciable diffraction effects, it wouhl ob\iou>ly be impossible to 
prepare a grating which wouhl diffract X-ra\'« if their wave-lcngtlis are as 
estimated, l)ecausc the distance between lines would need to Im‘ comparable 
to the distances between the molecules of the solid. 

It was suggesti'd by Laue - (1012) that if cn^tals in reality n’present orderly 
arrangements of atoms or molecules, ihev vlumM act a.^ three-dimensional 
optical gratings for X-rays, since varmu.s e'^fmialcs had placed the distances 
between atoms in crystaK at about 10’cm Tlic dcb'rmination of the typo 
of spectrum to be exjiecti’d offered eonsidt'rahle ditlicultie'*, but Lane was able 
to show that if a beam of X-rays was tlinoMi u|)on a er\stal, it should lie 
partially converted upon transinis.sion Ihrougli the cr\stal into a number of 
diffracted beams arranged sMunu'lriealh ai«miid the jininary beam in a 
manner governed principally by the s\iiimeti.\ of the crystal. This should 
be revealed on a photographic plate, jilaceil directly back ot the crystal, by a 
central image surrounded by a symmetrical group .tf spots. I'.xiwrimenta, 
carried out by Friedrich and Kmpping ‘ soon after, completely confirmed tho 
prediction. Two so-called I,am* phntiigiapli'' of liie diffraction patterns so 
obtained are shown in Plate 1. 

This discovery not only dcinoiistiated that X-ravs were in nudity light of 
short wave-leiigtii but al.-o imlical(‘d tlial mbiniiatmn as to tlie actual arrange¬ 
ments of the atoms or molecuIe> iii cinild pri'baltlv l>e obtained liy 

this method. liecaii.M* of tla* diliieult\' of the aiiah'-is and the almost C(»in- 
plete lack of information as to the ehaiaeteiidies ol either the X-rays or the 
atomic arrangements in the cry-taN, little use cuiild be nuule of the rOHults 
at the time. 

The Bragg Method of X-ray Analysis: W . H am! W. 1. Ilragg * shortly 
afterwards devised a modilicatioii of the I.aue imdliod which first made possible 
direct determinations not onlv of the actual arraiigcnients of atoms in many 
crystals but also jirovnh'd a method of determiiiing tin; absolute wave-lengths 
of X-rays. 

The space-lattic(‘ arrangcnu'iit of atoms ur molecules in a crystal indicates 
that the atoms or molecules can be reganled a- occurring in parallel planes 
whose orientations are fixed by the law of rational indices and l>y the symmetry 

‘ The wav<s-lcaj?ih of sfKhimi ~ In*'* i*- •>'^00 X to 

*SiUbeT. K. Bay. Aktul.. Jum’ (I'HJi. Jahrhiuh <1. Kiuli<Mil:t a. Elrklrmik, 11, 308 (1014). 

• aUifccr. K. B<m. Akad., Juin* (1012). 

*y Raya ami Crj-stal Structure, hy W. H uinl W L. HniKH. lOlo. Sw? iil«» W. H. 
Braf ^ J. CAcm. 8oc., 109, 260 (lUlft). 
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of the crystal. Each face of a crystal is developed parallel to some one of 
these planes and the most freciucntly occurrinp; faces are usually developed 
parallel to those planes which arc richest in atoms (tr molecules, which are 
those planes of small indices. Tlie BrasKs were al)le to show that the diffrac¬ 
tion of X-rays by a crystal could Ijc just as satisfactorily and much more 
simply treated as reflections from the^e successive planes of atoms rather than 
ns diffractions from a three-dimensional RratiiiK in which each atom represented 
a center of diffraction. In the liruKK inetliod, X-rays composed principally 
of a single wave-length (i.e., “monocliromutic” X-rays) are allowed to fall 
on a face of a crystal. A reflecti(»n spectrum is obtaimal, that is, the mono¬ 
chromatic light is "reflecteil” at certain definite angles only. This is analogous 
to the reflection of visible monociiroinatic light by a stack of very thin jdates 
of glaas. Tlio values of tlie.sc angles vary witli the angle of incidence of the 
beam, other things being e(iual. The problem is considerably simplified if 
only tliose cases arc considered wlaui the i>eam is “reflected" at an angle ecpial 
to the angle of iticidence. Under these eomlitions, a very simple relationsliij) 
exists between tins angle, the distance between successive ])arallel planes and 
the wave-length of the X-rays. 

In Fig. 2, /), p ‘ • ar(‘ supposed to represent such planes parallel to some 

face of a erystal. Tlu'ir conuuon sj>acing is e(jnal to d represents 

an advancing wave front of 
X-rays of wave-length X(.l.ti). 
(’unsider those jmrts of this 
beam of .X-fays which unite to 
gi\(‘ a reflection along H(\ Tlih 
<list:inces traveled by different 
piufs of the beam in going from 
.l.U.t'M'" to U differ acc(>rding 
as they are reflected from one 
or aiuither plain*. Thus, con¬ 
sidering only the first two planes, the ))aths are MU' and respec¬ 

tively. The different parts «d tin* beam, wliicli are originally in phase, will 
not be in phase when they reach i\ due to the difference in path, unless tliis 
difference is a whole number of wave-lengtiis. Uxeept when this is the case, 
there will be no reflection at U, fur the cumulative effect of even a slight 
difference in path l>etween Wiues reflected by sllcce^^ive jdanes is sullicient 
to cause almost comidete interference. The difference in patii depemis upon 
the value of the angle other things l)eing ecpial. Hence it is necessary in 
determine for what value of Q tlie difference in patli is numerically eipial to a 
wliolc number of wave-lengths. 

Extend A'li' to /> and draw HD (which is peri)endiculur to the jilanes 
p • • •). Draw HN perpendicular to .17). The ilifferenco in length of tlie 
two paths A/ff' and A'li'C is equal to 



liir - irs ^ A. 
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But 

Hence 

Hut 

Hence 


lur - fi'i). 

B l) - B'X = XI) = X 

XI) 


HI) 


f'iii Z A7>7). 


HD = 'Id, and Z XHl) — 0, (fn‘ :iiiy;le id nicidenee. 


XD = A = 0. 


Maxima in reflection will (iccur when A (- A />] i- c<|iial to a whole numher 
of wave-lonp:ths, that is, to n\, when* n is a whnie nurnhcr. Hence, for tins 
condition we have, 

ii\ ----- ‘Id 'III 0. 


The apparatus n.'ed hy 
th(‘ Hrajjgs (iMg. 3) is similar 
to a spectrometer (and is in 
fact used ns such). In place 
of an ordinary KratinK, the 
crystal is mounted a t t h e 
center of a turn-tahle haMiiji 
a ffraduated circh*, with the 
face of the crystal normal to 
the table. X-rays from a 
suitable .source are pass'd 
through ab.sorbiiiff .scri’cn' to 
render them as nearly mono- 
chromatie as po.^'ilile and 
then through two adju'lable 
lead slits to obtain a W(*ll- 
di'fined beam. This biaiin i' 
adjusted to .strike tin* center 
of the crystal face, winch i' 
set on the axis of the turn¬ 
table in order that rotation 
of the turn-table w'ill not 
throw it out of alignment 
The re flee toil rays are 
received in an ionization 
chamber mounted on an 
adjustable arm whose jios - 
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tion relative to the crystal face can be read from a second graduated circle. 
The ionization chamber contains some gas such as SOj, which is easily ionized 
by X-rays, and is in connection with an electxoscope, by means of which the 
intensity of the ionization and hence of the reflected X-rays can be determined. 
The crystal face and the ionization chamber are rotated about their common 
axis, keeping the angle between the face and the ionization chamtrer the same 
as that between the face and the incident beam,' and the strength of the 
ionization produced by the X-rays at different settings is measured. The 
settings corresponding to the maxima in reflecting power are thus determined. 
The corresponding angles between the face and the incident beam are tho.se 
which should satisfy the relation, 

tiX = 2d sin 6. 


Since (I and X should be constant for any particular face and type of X-rays, 
it is evident that the values of sin 6 should stand in tin; ratio of small whole 
numbers corresponding to the integral values cjf n. 

Sin = ?— = nk 
2d 


where k is a constant. This is found to be the case. Measurements on the 
cube face of NaCl gave maximum reflections at = rj.fl", 11.85° and 18.15°, 
using X-rays from a palladium anticathode. The values of the sines of thc.se 
angles are 0.1(111, 0.205 and 0..'112, respectively, numbers which stand in the ratio 
of 1 : 2.00 :11.03 or nearly 1:2: 3, as was to be expected. From the above, 
the spacing <if planes parallel to the cube face can be (ditained in terms of X, 
since the value of sin 0 for a given value of n is known. Thus, in the above 
example, the value of d is 


,(= =-' = .|.s.-,X. 

2smd 2(0.103) 


The analysis of crystal structure by the llragg method consists in deter¬ 
mining, by the means just outlined, the relative spacing of planes perpendicular 
to the principal directions through the crystal, by obtaining reflections of 
X-rays from the corresponding faces. These faces may be either those natu¬ 
rally occurring or ground on the crystal for this |)urpo.sc. These relative 
spacings depend upon the arrangements of the structural units, that is, upon 
the fundamental space-lattices characteristic of each crystal system. If, 
therefore, the system to which the crystal belongs is known, the relative 
spacings to be expected for the different tyims of space-lattice possible can be 
calctdated and compared with those found by X-ray analysts. Once the 
correct space-lattice has been determined, the absolute value of the spacing 
of the planes can be determined with the help of the density of the crystal 
and the Avogadro number (tl.Oti X 10”). Knowing this, it is easy to calculate 
* This involves rotatinjr the ohamlKT through twi«) the angle of n»tation of the face. 
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the value of X; that is, the crystal can then be used as a reflection gratiiiR for 
the determination of the wave-length of X-rays. 

The Crystal Structures of Sodium and Potassium Chlorides: The first 
crystals successfully studied by the Bragg.s were those of sodium and potassium 
clilorides. These both crystallize in the cubic system. There are three funda¬ 
mental space-lattices pos.sible to the cubic system. These are known as llie 
.simple cubic, the face-centered cubic and the body-centered cubic lattices. 
The whole space-lattice may be thought of as made up of a number of cells, 
among which the structural units of the cry.stal are distributed, lliagnmis of 
such cells for the three cubic lattices are shown in I'lg. 1. In the simple cubic 
lattice, one .structural unit is a.ssociated with each corner of the cubic cell. 
In the face-centered cubic lattice, one unit is associated with each corner of 


TYPE A TYPE B 

Simple Face-Centered Body Centered 

Cubic Lattice Cubic Lattice Cubic Lattice 



I'it. I Ciiln' 


tin* Ofll anti <HH* with tin* centrr of «‘.ich f:in', In Iht' hoily-ccittcn'tl ciihio 
hittico, one unit is tissocitilHl with I'firh ftirnor fif (lio cell ;iii(l oiu* willi tlio 
c(‘nt(‘r of tho coll. Wo may 0 !il(‘ula<(‘ titc rolalixo snaonin of tlio pliuit's c<in- 
taining these units in planes jiarallol tfi tlio onlx' hioc, pcrpomlicnlar to the ftico 
‘liagonal amJ perpentlicular to tho cuho (IiaK«in;iI f<tr tin* tliroo types of lattice. 
Such planes are jtossihio crystal faces ami lia\o tin' Millt'r imlict's (100), (110) 
un<I (111), respectively. The fa(■o^ of the lypo w'oiihl ho cuho faces; <»f 
(ho socond, faces of a dodecahf'flnui; and of tho fhini, faces of an octaliodrori. 
Tiioir relative sj)acintii'' f"!" the throe lypo^ »if laltico are ^uf'it l>olow, that of 
(ho (100) planes beiitg taken a.s unity. 



(101)) (110) 

(111) 


, v- 

V;i 

a 

Simple culhc. 

. 1 ; - ~ 

2 

racc-centcrcd cidtic. 

. I : : 

2 

2'J.t 

a 

Body-cciitcrcd cubic. 

. 1 ; V2 : 

Va 

a 
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The positions of the maximum reflections from the (100), (110) and (111) 
faces of crystals of sodium chloride with palladium X-rays are shown in Fig. 5. 
The height of the lines indicates the intensity of the reflections. The first- 
order reflections occur at 5.9°, 8.4° an<l 5.2°, respectively, for the three faces. 
(The last, from the (111) face, is abnormally weak. The probable reason for 
this will be given later.) The sines of these angle.s are 0.103, 0.146 and 0.094, 
numbers which stand in the ratio of 1:1.42 :0.91. Since 


d = 


nX 

2 sin 6 ’ 


the corresponding values of d should be in the ratios of the reciprocals of these 
numbers, which are 1 : 0.71 : 1.10. The ratios of d for the three faces in the 
face-centered arrangement arc 1 : 0.71 : 1.15. The agreement indicates that 
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face-centered. 

In the introduction to this 
•section it was stated that we 
may as.sociate with the points 
of the space-lattice the centers 
of gravity of the units of struc¬ 
ture of the crystal or, if we wish, 
the atomic centers of any one 
kind of atom. T h u s, if the 
structural unit in the sodium 
chloride crystal is the molecule 
Nadi, we may, if we wish, 
as.sociatc the centers of the 
chlorine atoms with the points 
of the fundamental lattice. 
Then, the centers of the sodium 
atoms will lie at the points 
of aimther lattice, identical with 
the fundamental one in dimen¬ 
sions but displaced from it in .some direction, the two interpenetrating. Know¬ 
ing that the fundamental lattice in a sodium chloride crystal is face-centered 
cubic, the problem of determining how the two lattices are oriented to one 
another is presented. It is known that the scattering power of atoms of a 
substance increases with the atomic weight. The X-ray reflections are due 
to scattering and since the chlorine atom is one and a half times as heavy as the 
sodium atom, it is probable that the reflections are mainly due to the chlorine 
atom lattice, though these will be altered somewhat by the presence of the 
sodium atom lattice. The only peculiarity noticeable in the sodium chloride 
X-ray spectrum is that the first order reflection from the (111) face appears 
to be abnormally weak and the third order spectrum is missing. 


Fin. Ti. Intensity of Itoneetiniis uini vtiiale uf Set- 
linit of lonimUinn C'lmniher 
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Suppose that the space-lattice carrying the sodium atoms is displaced fr()m 
the fundamental space-lattice of chlorine atoms along the side of the funda- 
iiKMital cube half the length of the cube side. Tlie effect of this will l>e to 
alternate sodium and chlorine atoms along each cube edge and give a “cliccker- 
hiiard” arrangement of atoms on the cube face. Such an arrangement, which 
is identical with the simple cubic arrangement except for tlie faet that it con¬ 
tains two kinds of atoms, is shown in Fig. fi, Type With this arrangement, 
the pianos parallel to the cube faces contain both sodium and chlorine atoms 
in equal number and the spacing of these planes i.s the same as that of the fun¬ 
damental face-centered lattice. The ^anle i.s true (ho planes parallel to the 
dodecahedral (110) faces. This arrangement will, liowever, liring planes con¬ 
taining only sodium atoms half-way betwi'cn (he (111) faces of the fundamental 
lattice. These pianos must influence the rellecti<ms from the (111) faces. 
They would do so in tlie following manner. When the difference in path be¬ 
tween waves reflected from two succe.'^sive chlorine planes is eipial to one wave¬ 
length, the difference of patli between wave.^ refl(Tt«'d from (he sodium jdane 
.'•paced half-way between and tho.-e refh'cted from either chlorine plane will la* 
one-half a wave-length and therefore the two will be bS0° out of ))lia.se. If tlie 
intensity of reflection from the sodium plains wi're (‘.\actly (lie .same us that from 
tlie clilorine planes, there would therefore lie no refh'ction whatever at the corre¬ 
sponding angle. If the reflection from the s«>dnim plane is sonu'wliat the 
weaker, the reflections from the chloriiu' jilaies will still be dep'ctable Init will 
be abnormally weak. This what i-' foinul for the tii>t or<ler reflection from 
the (ill) face of sodium ehhu'ide. The same will hold true f<tr the third order 
reflection, when the wave.s from the sodium plane> reach the ionization cliumber 
15 wave-lengths behind those from the ehlnrino planes. For the second onler 
leflection the waves fiaun the sodium planes are a full wave-length beliind those 
from the chlorine planes and hence amplify the latter. Tlie spectra are tliere- 
fore what would be expected from tins simple cubic type of lattice. 

When a crystal of pota.ssium chloride is e\amine<l, the spectrum (I'ig. o) 
i'' found to be of the <am(‘ kind as tiiat fr<mi sodium chlori<!e exccjit that the 
first order spectrum from the (HI) face is completely lost. Ihe urraiigemeiit 
of atoms is almost certainly the same as in sodium chloride but in this case 
tlie two kinds of atoms, imtassium and chhtrine, are of iieaily the same masH 
and therefore reflect X-rays with -'O nearly the .siine intensity that the waves 
from the (111) potii.^'-ium planes completely destroy those from the chb)rine 
planes when tlie two sets are 1S(T out of pliase. 

The particular simple culuc or “sodium cliloiide” arrangement of atoms 
in sodium and pota-ssium chloride'^ is therefore capable of acc<ninting for the 
results. This, of course, does not eliminate the pos-^ibility of some other 
arrangement <loing as well. This is very doubtful, however. An exhaustive 
iuve.''tigation by Wyckoff * (tf sucli pos.sibilitie.s jn the case of magnesium oxiile, 
which also apparently has the “.'•odium chloride” arrangement, indicates tliafc 
no other simple arrangement will account for the results. 

' For an extensive bibliography and discutaioii of X-ray data wuceroinK crystals soe 
Wyckoff. J. Franklin ImU, 195, 183. 349. 531 (1923). 
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Granting that the simple cubic arrangement is eorrect, it is possible to 
calculate the distances between planes and hence to determine the wave-lengths 
of the X-rays used. We first wish to know (he side-length of the elementary 
cubic cell. The first step is to determine the mass of substance, say sodium 
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chloride, which i« associated with ouch cell. The eloratMitnry cell has a chlorine 
atom at each cube corner and one at the center of each face. Since each atom 
at a cube corner is also associated with seven other cubes, only 1/8 of its moss 
can be associated with the cube considered. But there are eight such atoms. 
Hence these altogether contribute the mass of one atom to the unit cell. Each 
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atom in a cube face is associated with tlie luijaceiit cube and licncc contributes 
only half its mass to the cube in question. Tlie six such atoms ultoKcther 
contribute the mass of three atoms to the cube. T!»e total mass of chlorine 
to be associated with the unit cell i.s therefore ecjual to that of four chlorine 
atoms. Similarly it can be shown that four sodium atoms are to be associatetl 
with the cell. We may therefore say that the cell contains four molecules of 
sodium chloride. Now a gram molecule of sodium chloride occupies a volume 
of 27.0 cc. and contains 0.00 X 10-^ molecules. Th(‘ vt)lume associated with 
four molecules i.s therefore 


27.0 

'^0.00X10^="^^' 


This is the volume of the unit cubic cell. Tin* let>gth of side of this cell is 
e(iual to the cube root of this number, which is 5.02 X 10"* cm. Since one 
Angstrom (A.) is equal to 10"* cm., tills is .■>.02 A. The distances between 
planes parallel to a (100) face is ecpial to oiie-lialf i)f this value, or 2.SI A. Hav¬ 
ing obtained a value for dm, X can be cidculaled. Using rays fnun a palladium 
anticathode, it was found that, for so<lium chloride, dm = I.S5X, wlience 


X 


_(/,oo ^ 2.SI 
4.85 4.85 


O.oS A. 


d'hls is tlie wave-length of the characU'ri^fic X-rayr' from palladium. It is 
clear Hint by means of this method a crystal can be used to determine the wave¬ 
lengths of X-rays in a nianiKU- aiialitgous to tli(‘ determination of tlio wave¬ 
lengths of visible light with an optical grating. Tili.'^ is in fact the method by 
which the absolute wave-lengths of X-ray^ are calculated. 

Having shown in tlie ca.se of sodium and jiotassium cliKirides liow the crystal 
structure was worked out, it remains to set forth some of the principal results 
a.s to the crystal structures td .substaiic(‘s whicli have followeil from the investi¬ 
gation. First, however, brief mention will 1 h' made of an alternative inedhod 
of procedure. 

The Powder Method of X-ray Analysis: The liragg mctliod of X-ray 
analysis requires a weli-develojied crystal of moderati'ly large size. I here is 
another way in wliich w(‘il-dcfined diiTraclion elT(‘cts can be obtuiiieil from 
crystalline substances. Tliis method, wliicli was jniblished almost simul¬ 
taneously by A. W. Hull' in tlie United Slates and by Debye and Sclierrcr’ 
ill Germany, depends upon the reflection of X-rays from the faces of ininuie 
crystals present in a crystal jiowder. All tlie important face.s arc apparently 
present on the various fragments of crystals in such a powder and these are 
oriented in all directions. If a bi^am of ii<unogeneou.s X-rays is directed on to 
these, some will be oriented so as to allow of reflection, that is, so that the 
relation 

«X = 2(i .sin $ 

'Phyn. Hn.. 10. 561 (1917). 

* Physikal, Z., 17. 277 (1915); t/iui. 18. 2!M (1917). 
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is satisfied. These reflections are registered on a strip of photographic film 
jdaced on a semicircle with the powder at its center. Sucli a film shows after 
exposure and development a number of fine dines which correspond to the 
reflection maxima, liy comparing the arrangement of lines with what would 
be expected for different arrangements of atoms, the particular arrangement 
in crystals of the substance under examination can be determined. 

The powder method has been of particular value in determining the crystal 
structures of the metals, which cannot readily be obtained in the form of large 
crystals. 

The Powder Method as a Method of Chemical Analysis: In the powder 
method of X-ray analysis of crystal structure, a .series of shar[) lines, corre¬ 
sponding to the reflections from the various faces when the relation 

tiK = '2d sin $ 

is satisfieil, are recorded on a strip of photographic film. The.se constitute 
a pattern which is unirpie for every substance. It has been shown by Hull * 
that this fact can be utilized in the ipialitative analysis of substances in the 
solid state. For example, supiiose that an ordinary chemical analysis in the 
wet way shows that a sample of crystalline solid in the form of small crystals 
contains Na, K, (II and Hr and it is desired to know what particular salts are 
iwesent in the solid, whether NaCI and KHr or NaBr and KCl or all four. 
Ordinary analysis would be unable to show. If, however, the sample is ground 
to a jmwder and an X-ray iihotograiih taken by the powder method, this will 
be immediately revealed, since each tyi)e of crystal lattice present will record 
on the photograi)hic film its particular .set of lines, which can then be identified 
by comparison with i)hotographs obtained with the pure salts. From the 
relative intensities of the lines corresponding to the different substances, a 
rough quantitative estimate of the amount of each present can even be made. 

Some Results of X-ray Analysis of Crystal Structure: The crystal struc¬ 
tures of a relatively large number of substances crystallizing in the cubic system 
have been determined. Several types of arrangements of atoms arc met with, 
drawings of which arc shown in Figs. 4, 5 and C. 

Type A is the face-centered cubic lattice (see Fig. 4). This is the structure 
of a large number of metals. It represents one type of arrangement wluch 
would result from the clo.sest packing of spheres. An alternative arrangement 
resulting in a hexagonal structure is also met with and is described below. In 
both, each atom is c(iuidistant from 12 others. 

Type B is the body-centered cubic lattice (see F'ig. 4). This is the structure 
of many of the metals. F.ach atom is equidistant from eight others. 

Type C is known ns the simple cubic or “sodium chloride” arrangement. 
This is the structure of the alkali halides (except the caseium salts) and the 
alkaline earth oxides and sulphides. The two kinds of atoms arc arranged on 
two face-centered lattices which interpenetrate in such a manner that they 
combine to give a simple cubic lattice. 

1 y. Am. Chem. Six., 41, 1168 (101S>). 
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Type D is known as the “caesium chloride" arrangement. This is the 
structure of the CJesium halides, tliallium chloride and the low temperature 
modifications of ammonium chforide and bromide. The two kinds of atoms 
ate arranged on two simple cubic lattices which interpenetrate so as to bring 
the atoms of one kind at the centers of the cubes formed by the atoms (tf tlie 
other kind. The result is a bo<ly-centered lattice. 

Type E is the “diamond" or “zinc sulplii<le" arrangement. It is based 
on a face-centered cubic lattice and represents the arrangement of atoms in 
the diamond and in silicon, germanium and grey tin. Many binary salts 
including zinc sulphide have the same type of lattice, the atoms of one kind 
necui>ying the po.sitions at the corners and face centers of the cube and tliose 
of the other kiml being at the centers of the alternat<‘ Muall cubes into which 
the face-centered arrangement can be divided. In crystals of diamotui and 
of the other elements Imving this arrangement, tin* atoms of the element occupy 
all the positions. This arrangement is of particular interest in that it places 
each atom equidistant from f<uir others. The cIomuicss of the packing suggests 
that the atoms are held by primary valence b<mds. 

Type F is the “calcium fluoride" arraiigeincnt. It is one of the arrange¬ 
ments in which salts which contain two aloms of om* kind and one of another 
crystallize. Examples are calcium, strontium and bari\im liuorid(‘s. In this 
arrangement, the atoms, of which kind there is only one in the mo|ecuh‘, let 
us say those of calcium in calcium lluoriile, are arrang(‘(l on a faci'-cmitered 
lattice. The atoms of the other kind, (luorine in ll.i^ examide, are arranged 
on two other face-centered lattice.'' which penetrati' the first so as to bring a 
fluorine atom at the center of each of the eight small cubi's of tlie face-centered 
cube. 

Type G is the “cuprous oxide" arrangiunont. 1 his is tin* alternative cubic 
arrangement for compounds of the type All; or AJi and is the structure of 
cuprous and silver oxides. The simplest way of regarding tlic arrangement 
is to think of it as consisting of a body-centered lattice of the atoms of whicli 
there is only one in the molecule (oxygen, in the east' of cuprous oxide, ( UjG)i 
i>enetruted by a face-centered lattice on which lie all the atoms of the other 
kind (copper in the case of cuprous oxide), brmgiiig tlie latter atom.H at the 
centers of the alternate smail cubes into wliieli the body-centered lattice is 
divisible. 

Two other types of arrangmiieiits more or less frequently met with belong 
to tlie hexagonal system. Tlie.^e are tlie “hexagonal close-packed" and the 
“zinc oxide" arrangements. 

The hexagonal closc-iiacked arrangement is shown in Fig. 7. It represents 
the arrangement of atoms in many metals. The fundamental cell in this type 
is a prism with an equilateral triangle as its basi?. There i.s an atom at each 
of the six corners of this prism. Six <if these iirisms may be fitted together to 
give a hexagonal iirism (shown in the figure), ibrta* more atoms arc now to 
be placed at the centiTs of alternate triangular pri.sms. These form part of 
a second lattice interpenetrating the first. When the ratio of the side to tlie 
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altitude of the prism is as 1 : 1.633, the distance from one corner to the center 
of tlie prism is equal to the side-length. Under these circumstances each 
atom is equidistant from 12 others. 

In the “zinc-oxide” arrangement two 
hexagonal close-packed arrangements, one 
carrying the zinc atoms and the other the 
oxygen atoms, interpenetrate. The result¬ 
ing arrangement is difficult to visualize 
or to draw. The essential point is that 
it brings the atoms of one kind into posi¬ 
tions such that they are equidistant from 
four of the other kind. Consider one of 
those prisms of the hexagonal close-packed 
arrangements winch contains an atom at 
its center. If the ratio of side to altitude 
is as 1 : 1.633, the atom at the center and 
the three atoms at the corners of the bn.se 
are at the corners of a regular tetrahedron. In the “zinc oxide” arrangement 
an atom of the other kind will lie at the center of this tetrahedron. The 
“zinc oxide” arrangement, therefore, bears the same relation to the hexagonal 
close-packed arrangement as does the “diamond” to the face-centered cubic 
arrangement. 

One other type of structure is of special interest in connection with the 
subject of isomorphism. This is the “calcite” arrangement. The crystal¬ 
lographic axes are of equal lengths and inclined to one another at equal angles 
other than 90°. The unit cell may be regarded as a distorted cube. In 
calcite the calcium and carbon atoms are arranged in the same fashion as are 
the sodium and chlorine atoms in the “sodium chloride” arrangement, that 
is, the “calcite” arrangement might be characterized ns distorteil simple cubic. 
The oxygen atoms are arranged in sets of three around the carbon atoms and 
close to the latter, showing that the carbonate ion maintains its identity in 
the crystalline state. The minerals dolomite (t'aMgfCOj)!), rhodocrosite 
(MnCOi), and siderite (FcCOi) and the compound NaNOj all have the calcite 
arrangement. 

In the following table arc given the type of arrangement, the length of 
aide of the unit cell and the distance apart of nearest atomic centers in crystals 
of a number of substances. The types of arrangements are abbreviated as 
follows: face-centered cubic (F.ChU.), body-centered cubic (U.t'.C.), simple, 
cubic or “sodium chloride” (NaCl), “ca'aium chloride” (C.aCl), “diamond” 
(Diam.), “zinc sulphide” (ZnS), “calcium fluoride” (CaFj), “cuprous oxide” 
(CujO), hexagonal close-packed (H.C.P.), “zinc oxide” (ZnO). For the 
dimensions of the unit cell, the length of side is given for cubic crystals and 
the side of the triangular prism and ratio of altitude to side for hexagonal 
crystals. The distance apart of atomic centers refers to the distance betw'een 
nearest centers of like atoms in elements and of unlike atoms in compounds. 
Distances are given in Angstrom units (1 A. = 10'* cm.). 



Flo. 7. Hcxagonul CloHu-puuked 
Lattice 


* 103 


THE SOLID STATE OF 'AGOREOATm 

TABI.K I 

Crystai. Stou(titue anj) lAT(;mT„Mi,' Diatastka 




Siiio nf 

Dislaiiei 






Tj-pe 

between 





SiilwlajK'c 

t.'iiit Cell 

Neaiest 

Siihstane 

Tn pe 

l iiil Cell 

NoAteat 



A. 

Centers, 

A 



A, 

Centers, 

A. 

A1 . 

v.c.v. 

11)7 

2 SS 

ileO 

ZnO 

2.70 


(’ll .... 

“ 

.).:»() 

3 03 



0 M) 


Ni 



2..71 

•MkO 

.\aCI 

1.20 

2.10 

('() .. 



2 .71 
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Hh .. 

•• 


2.70 
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“ 
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“ 
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Ziil) 
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:).!):{ 
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(1.00) 
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“ 
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2.SS 

.\1kS 

Nat i 

.7 OS 
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CaS 
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4.iH 
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SrS 


.7,S7 

2.93 

Th .. 
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3..70 

HaS 

“ 

0 to 

3 20 

Li 

H.C.C. 
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3 03 

.\Iii.S 


.7.21 
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Na .. 

“ 
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3 72 

PliS 


.7.S0 
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“ 
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1 .70 

Zn.S 

ZnS 

.7.12 

2.;i7 
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“ 

30 i 

2 03 

(M.s 

ZnO 

4.10 

2 71 

(> 


2.'.>0 

2.71 



(l.di) 


Be 

“ 

2.8)) 

2 17 

SnS 


3.00 


Ml),. 


3.M 

2.72 



(2.20) 


W .. , . 


3.1.7 

2.73 

SjSe 

Na('l 

0.20 

3.10 

Mk .. 

H.C.P. 

3.22 

.3 22 

ZiiSi* 

ZnS 

.7.0.7 

2.47 



(1.02) 


l.lCl 

NaCl 

.7.17 

2 .79 

Ti . . . 

“ 

2.07 

2.07 

l.iHr 

•• 

.7.4S 

2.74 



(1..VJ) 


Li] 


0.00 

3.03 

Co . . . 

*■ 

2,.71 

2.51 

NuT 


•1.0.7 

2.33 



(l.a) 


NuCI 

*■ 

.7.0:1 

2.91 

Zn .... 


2.07 


\alir 


.7.0.7 

2.9M 



(l.W)) 


N'al 

“ 

0.47 

3.24 

Zr. . 


3.23 

3.23 

KK 

'* 

.7 :io 

2,OK 



(1 .70) 


KCl 


0 20 

3,13 

Hu. 

•• 

2.00 

2 (»!) 

Kilt 

“ 

0 79 

3,:io 



(1.79) 


Ki 

“ 

7.11 

3..70 

Cd.... 


2 90 


HI.CI 

" 

0.00 

3..30 



(I SO) 


HI.Hr 

“ 

0 93 

3.47 

Ce. 


3.0.7 

3 ( ’►.7 
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“ 

7.:io 

3.08 



(1.02) 


(VCI 

CsCt 

4.12 

3.50 
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•• 

2 71 

2 71 

CuHr 


4..3() 

3.72 



(1..70) 
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4.77 
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TABLE I —Continued 


Kletiiciits 

Compoimda 




Dwtance 




Distance 



Bido «f 

liotwcen 



Side of 

between 

HubMtnnrc 

'lyp« 

Unit Cell, 

Nearest 

Substance 

Type 

Unit Cell, 

Nearest 


A. 

CentcrH, 

A, 



A. 

Centers, 







A. 

C (difi- 
rnoiKl) 

Di.'tin. 


1.51 

TICl . 

CaCl 

Nji(’I 

3.8.5 

5.54 

3.33 

2.77 

Hi .. 


fi.-W 



“ 

5.77 

2.8S 

(J« .. 



2.44 

Agl .. 

ZnS 

0.4‘) 

2.81 

■Sn (grey) 


d.-Ki 

2.H0 

Agl. 

ZiiO 

4..W 

(i.m) 

2.81 





Cut’I . 

ZnS 

5.1!) 

2.38 





('uHr 


5.S2 

2.52 





(MI. . 


G.li) 

2.03 





('tiKj 


5.49 

2.38 





HrFj 


5.77 

2.50 





ItivF2 

" 

G.21) 

2.C!) 





( ’u2Se 

“ 

5.75 

2.49 





f’U2() . , . 


4.30 

l.SG 





AgjO 

" 

4.73 

2.05 


The Structure of Crystals from the Chemical Standpoint. Salts: One nf 
tlie most interesting fucts wliich has developed from X-ray analysis of crystal 
structure is tliat in crystals nf salts (including oxides and sulphides), the 
chemical molecule, ns it is ordinarily thought of and as it would conceivably 
exist in the vapor jihase, has completely lost its identity. Thus, in a crystal 
of potassium chloride, each iiotassium atom has equidistant from it six chlo¬ 
rine atoms, each of which in its turn is equidistant from six ])otassium atoms. 
No pair of potassium or cldoriue atoms can be singled out and said to 
constitute a chemical molecule, since each atom belongs as much to five other 
atoms of the other kind ns it does to the one with which it is arbitrarily paired. 

Similar considerations apply to salts of oxygen aci<ls so far as the ilisappear- 
ance of the molecule is concerned, but tlie association of the atoms of the acid 
radical apparently carries over into the crystal. Thus, in calcite, three oxygen 
atoms are grouped around each carbon atom, the distance between C and 0 
centers being 1.28 A. whereas the distance between the centers of the nearest 
Ca and 0 atoms is 2.42 A. 

Diamond and Graphite: With respect to the non-existence of any molecule 
in the ordinary sense, a crystal of diamond is similar to those of salts. Kach 
carbon atom is surrounded by four others which are equidistant from it and 
each of these is in its turn surrounded by four. The structure may in fact 
bo thought of ivs the ultimate in the branching of carbon chains, the crystal 
itself being a sort of giant molecule. The attachmeut of each carbon atom in 
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iliiiniond to four others of course recalls at once the fiuadrivaienco of carbon 
in organic compounds. Another structural feature of carbon compounds which 
is discernible in the diamond.lattice is the six-membcred ring. This ring is 
made up of the atoms at the centers of three adjacent faces of (lie face-centered 
lattice and of three of the four atoms which lie at the centers of the small cubes. 
The atoms are not all in one plane but tlie para atoms are one below and one 
above the plane of the other four. Tlie rings arc not isolated but are built 
out, as are those in naphthalene and anthracene, except that they are extended 
in two dimensions instead of one. Thus, each carbon atom occupies the ortho 
position in two rings and the para ])osition in one. Tlie rings occur in planes 
perpendicular to the body diagonal of the cubic lattice. 

In graphite, the branched-chain structure of diamond is lost, hut the ring 
structure remains. In diamond, the nearest atoms in two adjacent planes 
which contain the rings are I.. 0 I A. ajiarf, which is also the distance apart of 
adjacent atoms in the ring. In graidiite, thesi* planes liavi* been separated 
till the nearest atom.s in adjacent planes are 11.2.') A. apart (over twice as great 
a spacing as in diamond) and adjacent atoms in the ring have been drawn 
slightly together, their dis¬ 
tance apart being l-.W A. 

'Die planes are n 0 1 oriented 
to one another in quite the 
same way in the two struc¬ 
tures. The relation hetwemi 
the two is shown in hig. <S. 

The wide spacing of tiie 
planes in graphite heaves each 
atom closely attacheil to only 
three others. This fact, with 
the existence of the rings, sug¬ 
gests tlie planes in graphiti' as 
giant molecules of the am- l-,^ ^ Di.iinoml-dnipliin'It'laiKinsliip 

matic series of the tyjM^ of ... 

Ii!l|)lith!ilcne iiixl uiithniccnc, llii' ^rlK^ cxIc'IIiIccI in two (liinciiMoiw, 

Tlie weakness of the himliiin helneeii a.ljaecnt |ilancs is eniphasiml liy the 
fact that the familiar cleavage "f Krapliite eccurs almiK tlii'se planes. 

Organic CompoiimO: The .\-ray analysis »f erystals (if (iiKiiiiie. mnipnnn.ls 
nffers considerable dillicnltv beeaiise of Iheir low .symmetry and the iimiiies- 
tionable complexity of the arram-eiiients. Some interestiiiK lieKinninKS have 
been made, however. Thus. Sir W. If. llraKt!' has deduced probal.le structures 
for naphtlmlcne, anthracene and some related siilistances. These lire III agree¬ 
ment with the assumption that the six-membcred riiiR as it exists in diamond 
and Eraphitc is also present in (hese siibslances, as has been assumed in orEamc 
chemistry. The intoErity of the molecule is I Inis in all probaliility maintained, 
contrary to the case in crystals of salts. Indeed, it is difficult to believe that 

* Ptoc- Phyt. Soc. London, 34, 33 (1921). 
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it could have been otherwise when the almost infinite possibilities of rearrange¬ 
ment are taken into account. The fact that optically active substances are 
not racemized on crystallization, when so slight a change would accomplish 
this result if the arrangement were once broken up, is enough to establish this. 

The structure of tartaric acid has also been recently investigated in Bragg’s 
laboratory by Astbury.* Although the X-ray method is not capable of dis¬ 
tinguishing between the enantiomorphous (mirror image) forms, the existence 
of a spiral arrangement was established. 

Isomorphism: Many groups of substances which are similar in chemical 
constitution exhibit almost complete identity of crystalline form. Such sub¬ 
stances are said to be isomorphous. Mitscherlich, who first observed the fact 
in connection with the rhombic forma of NajHPOi. 12H!0 and NajHAsOj.- 
12HiO, and who proposed the term isomorphism, believed that the identity 
of form was complete and assumed that the substances contain the same 
number of atoms arranged in the same fashion. Recent measurements by 
Tutton ’ on the rhombic sulphates and selenates and monoclinic double sul¬ 
phates and selenates of the alkali metals have shown conclusively that the 
crystals of the members of these isomorphous series are not exactly alike but 
differ slightly in the values of the axial ratios, the variation in the latter and 
in various physical properties revealing a regular progression in passing from 
one member of the series to the next. This is illustrated by the following 
values of the axial ratios of the first series of substances. While the differences 
are slight, they iire nevertheless real. 

TAHLK It 

:i)- 

(U = ulkiili metiil. The rry.stiils aro orthorliotiitjin) 

Balt Axi.al Uatios 

a : I) : a 

KiSO.. 0..5727 : 1 : 0.7.US 

RIhSO, .n..'i72:) : 1 : n.74S.') 

CsaSO, .0.5712 ; 1 : 0.7.):tl 

KaBol), .0.,-)7:U : 1 : 0.7:110 

HbiHoOt.0..5708 : 1 : IW.Wi 

(VSoOi. 0..5700 : 1 : 0.7121 

It is in general characteristic of isomoriihniis .substances that when a solution 
containing two such substances is evaporated, the two will crystallize out 
together forming mix-erystals, which arc single crystals containing both 
substances. Further, when a crystal of one such substance is placed in a 
super-saturated solution of another, the second substance will crystallize out 
or overgrow on the first just ns it would on a crystal of itself. Molecules of 
Btich substances arc therefore capable of fitting into or onto the crystal lattices 
of one another. These properties had acquired great importance as tests for 

‘ Proc, Roy. Soc., December, 11>22. 

* T\itton, CryeUllino Structure and Chemical CoostitutioD (MaoMillan, 1910). 
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i^diiiorphisni prior to the discovery of the X-rey nietliod of aiuilvsis of crystal 
.ti ncture and had indeed been adopted by many writers as the essential prereq¬ 
uisites of isomorphous substances. This view has introduced many difficulties, 
liowever, and has tended to complicate the whole subject. For example, sodium 
and potassium chlorides crystallize in the same forms and it is now known that 
they have the same crystal structures, yet they do not form mix-crystals. On 
the other hand, mix-crystals of potassium and ammonium chlorides, and of 
potassium and ammonium salts generally, may be obtained, although the 
crystals of these substances are not alike, though both are cubic, and the 
numbers of atoms in the molecule (though not the number of pidential ions, 
of course) are different. It is probable that, in order that two substances shall 
form mix-crystals, it is necessary that the volume and general form of the 
structural units shall not be very different. Other agimcies are umloiibtedly 
at work, however, since mix-crystals of subslances as different as ammonium 
chloride and ferric chloride can be obtained. 

Another difficulty in the way of the use of mix-crystal formation as a 
criterion of isomorphism is that one of the substances considered may have a 
very low solubility. This difficulty is introduced in the ease of sodium nitrate 
and calcium carbonate (in the form of calcite). These substances both crystal¬ 
lize in the trigonal .system, forming rhombohedra whose axes are inclined to 
one another at almost the same angles, namely, 108° d.'F forsoilium nitrate and 
inr)° o' for calcium carbonate, and X-ray examination has .shown that the two 
have exactly the same crystal structures (see above). 'Ihc two substances 
are, therefore, i.somorphous. In addition, their molecular volumi's are not 
very different (in cc. per gm. mob, 87..') for NaXOs and .tti.it for ( at t).,). 
Since, however, calcium carbonate is practically insoluble, mix-crystals cannot 
be obtained, though sodium nitrate can be made to overgrow on calcite. 

liecause mix-crystals of .sodium nitrate and calcium carbonate could not 
be obtained, oven though this was for the practical reason that calcium carbon¬ 
ate is insoluble, it has been deined that tin' two are in fact isomorphous. The 
disinclination to regard them ns isomori)hous resulted from the f.'ict that their 
structure.s were different on the obi metlnni of writing fornndic. I.angnniir 
has cleared up this and many otlier dis|)uli''l inses of isomorphism by showing 
that on the basis of the Lewis theory of lalenee, the two have in fact the same 
structures which are as given below. 


Oi.o Stui iti nn.s 

Calf'iuu) (’»rlxni:tlt‘ 


SikIiimii NHhiif 


/ \ 

C = 0 (a 
\ / 




/ONa 

/ 

N = 0 


• Laagnmir, J. .Iw. Chitn. ■sVk-.. 41, l-'jl'l (llllsl)- 
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New Structures 

(A pair of shared electrons is represented by one bond.) 
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The only difference between the two is that in the first the ions are doubly 
charged and in the second they are singly charged. 

Polymorphism: It often happens that a substance can occur in more than 
one crystalline form. When this is the case, the substance is said to be poly¬ 
morphic. The different polymorphic modifications ordinarily belong to dif¬ 
ferent crystal systems, though there are exceptions. A familiar example is 
sulphur, which has a rhombic modification, stable up to 9.5.0°, and a monoclinic 
modification, stable between 95.0° and 119.2.5° (its melting point). 

Polymorphism results from different space-lattice arrangements of the same 
chemical units, as is attested by the fact that the modifications usually belong 
to different crystal systems. The crystal structures have only been worked 
out in a few cases. Thus, carbon occurs as diamond and as graphite, the 
atructurea of which have already been discussed. Silver iodide occurs in a 
hexagonal and in a cubic form. lu the first, it has the ZnO structure and in 
the second, the ZnS structure. Ammonium chloride is an example of a sub¬ 
stance liaving two modifications which both crystalline in the same system 
(the cubic). The high temperature modification has the sodium chloride 
structure and the low temperature modification has the ca’sium chloride 
structure. 

Polymorphic modifications may or may not be interconvertible. When 

'.Id .1° 

they are interconvertible (e.g., W,„ - S,the change is said to be en- 
autiotropic. When the change can only take place in one direction, that is, 
when one form is metastable under all conditions investigated, it is said to be 
monotropic, as Diamond -> (Iraphite or Aragonite -»(lalcite. Since such 
forma as diamond and aragonite have remained as such through geologic ages, 
it is evident that the conversion of polymorphic modifications may be exceed¬ 
ingly slow. This is to be compared to the rajiidity with which equilibrium 
is reached in the transition of solid to liquid. Further discussion of solid-solid 
transitions will be found in Chapter IX, "Heterogeneous Kquilibrium.” 

Soud-Lkjuid Tu.vnsition 

The melting point of a pure crystalline solid may be defined as the temper¬ 
ature at which it is in equilibrium with the corresponding pure liquid. This 
temperature depends upon the pressure on the system, the variation being 
given by the Clapeyron equation. 
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It is probably safe to say that, a.s a Reiicral rule, a crystalline solid \inder- 
goes spontaneous transfonnatiim into the litpiiil pliase wlien tlie melting p<iinl 
i> reached; that is, a crj'stalline solid cannot 1 h' siiperlieafed. Nevertheless, 
it must be stated that, as experimentally determined, melting points sometimes 
api>ear not to be sharp. This was found to be th(‘ caM* hn‘ the ^ilicate mitierals, 
diopsidc, anortliite, and the like, by Day and Socman,‘ ami f<»r betol and dex¬ 
trose by Tainmann,^ These investigators found tliat, while melting always 
set in at a definite temperature, it was possible to heal tin* solid several degrees 
above this point during the process of melting. These results .seem to show 
that melting takes place with independent linili* vi'locity even above tin* 
melting point rather than tliat the rate is d(‘pi‘ndent solely upon the rate of 
supply of heat at the melting point. 

The freezing point (d a li(iui<l is identical with the melting point (tf tin* 
corresponding solid when tlio latti'r is delitnal as tin* temperature nt wliieh 
pure solid and liipiid are in eipiililirium at a gi\en pressure. Tin* freezing 
])oint of a li(iuid does not mark olT tin* limit of e.\istem*e of tin* licpiid phas(‘, 
however, for if a liquid is carefully fn'ed from suspended solid, especially 
particles of the correspondiiig solid phasi*, and i-* protected from vibrations 
and sudden changes, it may often be cooled many ih'gia'es below tin* freezing 
point. Under tiiese conditions tin* velocity of cry-talliz-alion may be negligibly 
simdl. It is to tins possibility tiiat glasses oui* tlnar cxi'tonco. An c\tcml(*d 
study of the velocity of crystallizalioii of sii|H’icoole{l iniunis has l)(*en carried 
out by Tanimann.'^ Tliis inve-'tigatnr found that two lacturs have to In* taken 
into account: (1) the rate of formation of cry'-lal luich'i and (2) tin* rate of 
growth of the latter below tin* mi'Iling point. liolli rates pa'-s through maxima 
with diminisliing tenqx'raliirc but the inaMiiia occur at ditTcrent points. With 
Itip(‘rin, whose melting jniint is )2!i" ('. the rati* of formation of crystal nuch-i 
was greatest at 40° and pr.actically m'gligihii* abovt SO and below 0 t . 
Tlie rate of growth of tlie nueh'i was a niaximnm at U10° and m*gligihly small 
at the melting point, .Similar rc'-nlts wen* oblaiin’d for betol and a numlHU 
of other substances. With iminy Mii)stanr.N !iow<‘vrr, tin* t.-mperalures for 
the maximum rates of iiuclcu" fonnation and nncleiis giowfh in* so close to 
one another and to tlic melting pnint that mra.Miremenls are diliicult. Kor 
such substances practically no supercooling pn'->ilile 

Kuch polymoridiic modification of a sui"lanee lia- its ow n particular melting 
point. Kor exainiile, rhombic sulphur melts at 11:1° wliile nionochinc sulphur 
melts at 119.2.5°. (’oii.se<iu(‘ntlv, in giving a nn'Iling inunl. the polymorphic 
modification to which it refers sliunld also he slated. Of two p.dymorphie 
modifications, that wiiich is metastable in the melting point r<‘gion lias tln^ 
lower melting point. 

For further information on solid-liquid traiisilimis, Cliapter IX on lietero- 
geneous Kquilibrium should be consulted. 

' Z. anorg. Chfin., 72. 1 (1921). 

^Z.physik.Chem.,6S,252(Vm}. . . ^ , 

■ Sec Tammaiiii, KrisWUiaierou unJ SrluiiHi™. U'lpzia, J- A. Barlli. S,« al«o 

Chapter XV. 
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The CoMPBESSlBILITY AND ThEHMAL EXPANSION OF CRYSTALLINE SoLIDS 

The P, V, T relations of crystalline solids are complex and, as yet, the 
kinetic-molecular theory of the solid state is only in the preliminary stages of 
development. Part of this complexity arises from the fact that, except in 
the cubic system, the properties of crystals vary when measured in different 
directions through the crystal, that is, crystals are anisotropic. Thus, when a 
crystal of silver iodide is heated, it contracts in one direction while expanding 
in another. 

It is generally assumed that the units of the crystal lattice (atoms or 
molecules) are confined as to motion to vibrations about equilibrium positions 
in the lattice. This equilibrium results from the action of attractive and 
repulsive forces between the constituents of the lattice. There has recently 
been much speculation as to the nature of these forces and of the characteristics 
of the motions of atoms in the lattice, references to which will be found in the 
sections on thermodynamics and quantum theory. 

Numerous measurements of the P, V and V, T relations of solids have been 
made. These are usually stated in terms of the coefficients of compressibility 
and thermal expansion. The volume coefficients are 



These express the fractional change in volume per unit increase of pressure 
and of temperature. Sometimes the linear coefficients are given instead of 
the above. These refer to the fractional changes in length. For cubic crystals, 
whose properties are tfie same in three directions “and whieh are therefore iso¬ 
tropic—the linear coi'fficii'iits are very nearly equal to 1/"1 of the volume-coeffi¬ 
cients. 

The coefficients of expansion and compressibility are very small. Thus, 
the coefficients of compre.ssibility for the .solid elements vary from fil X 10“* 
for ca'sium down to O.lfi X 10 ’ for diamond. These are for pre.ssures ex¬ 
pressed in megabars ' (10* dynes per sq. cm.). Values of tlie coefficients of 
compressibility and of expansion at ‘20° for a number of substances are 
given in Table 111. There have also been added to the table the melting 
points, molecular volumes and crystal data. 

It may be assumed that the atoms of a solid hold their normal distances 
apart as the result of a balance of attractive and repulsive forces. The attrac¬ 
tive force gives rise to the cohesion of the solid. It is clear that thermal ex¬ 
pansion must take place against this force and will therefore be small when 
the cohesive force is large. ('ompre.saion, on the other hand, must take place 
against the repulsive forces. Since, however, the two are normally balanced 
against one another, the repulsive force must be large and therefore the com¬ 
pressibility small, when the cohesive force is large. These two properties 
should therefore vary from one solid to another in the same way and this is 

' The megabor is 1.33 per cent lose than the atmosphere. 
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tabu; m 

Physical Piiopektiks ok Solids 


^ = coefficient of compressibility X 10*. foi prosMiri' m.'u-uml in mcnnlmrs. 
a - coefficient of thermal expansion, X 10^ 

M.P. = melting point in degrees, al)8olute. 

V — atomic or molecular volmiic in c-c. 

d = distance between nearest atoms in the <ry>tal laitire, in Aini'^inmis 10“‘ cm.b 


Substance j 

n 

a j 

Li. 

9.0 

19.0 

It. ... 

o.;t 

— 

{' (diamond) 

O.H) 

0 3 

(' (graphite) 

:i.o 

7.2 

Na. 

li'i.O 

22.0 

Mk. 

2.9 

7.K 

Al . . . 

1,17 

7.2 

Si .. . . 

().:t2 

2.3 

P (red) .. 

fl.W 

-- 

P (white) .. 

1 2t).r) 

30.0 

S. 

1 12.9 

IS.O 

K. 

;ti.7 

25.0 

('a . .. 

5.7 


(>. 

0.9 


Mn. 

O.Sl 


I’e. 

(MM) 

3.0 

Ni ... 

' o.t;i 

4 2 

Cu .. 

0.75 

5 0 

Zn, . . 

1.7 

S7C') 

;\8. 

■I.-, 

1.(1 

Se .... 

12.0 

13 0 1 

Kb .. 

1 40.0 

30C’) ■ 

Mo .... 

1 0.40 

1.1 

Pd.. 

1 ()..'■> 1 

3.S 

An ... 

1.01 

.'i.7 

( ■a . . 

1 2.1 

7.1 

Sn.. 

i 1.11 

0 7 

Sb . . . 

2.1 

3 3 

I.. . 

i;t 0 

25.0 

(’».. 

01.0 

m") 

Ta. 

O.od 

2 3 

W . 

0 27 

1.1 

Pt. 

o.;i8 

2.7 

Au. 

0.04 

1.3 

Tl .. 

2.3 

;m> 

Pb.. . . 

2.32 

K S 

Iti . 

3.0 

; 4.0 

NaCl .. . 

4.27 

12.1 

NaBr.. 

5.24 

- 

Nal. 

7.05 

-- 

KCl. 

5.19 

-- 

KBr . 

0.39 

12.0 


M.P. 

r 

SpJKT'ltiltUH’ 

d 

453 

13 1 

li.(’.(\ 


2H111I 

4 7 

-- 

— 

Verv lugh 

3.1 

Diain. 

1.54 

Very high 

5.1 


1.50 

371 

2.1 7 

H.C.t’. 

3.72 

927 

13.3 

n.c.p. 

3.22 

930 

10 1 

K(\C. 

2.KK 

1733 

11.1 

Diani. 

2.31 

.so;j 

11.0 



317 

lO.O 



3M 

15.5 



335 

45..5 

B ('.(■. 

4.50 

1073 

25.3 

VA'.C. 

3.93 

lh23 

7.7 


2.51 

1533 

7.7 



1790 

7 1 

B.(’,(‘. 

2.47 

1725 

0.7 

v.r.r. 

2.51 

13.50 

7.1 

v.r.c. 

,> r^ rj 

092 

9.5 

H.(\P. 

2.07 

1073 

13.3 



490 

1S.5 



312 

.50 0 

- 


2773 

11 I 

B.C.C. 

2.72 

1S22 

3 


2.K0 

1231 

10 3 


2K7 

.591 

13.0 

H.(’.P. 

2.90 

.505 

111: 



90.t 

17.9 



3S0 

25.7 

— 


301 

71 0 

— 


3123 

10.9 

B.f’.t’. 

2.K3 

33(M) 

0.0 


2.73 

2020 

9 1 

v.c.c. 

2.7K 

1.330 

10.2 

V.C.C. 

2.8K 

571 

17.2 

— 

— 

(MM) 

1H2 

KC.C. 

3.47 

543 

21 2 

— 

-- 

1077 

27.1 

NaCl 

2.HI 

1031 

32.1 

NaCI 

2.98 

920 

40.8 

NaCl 

3.24 

10-15 

37.0 

NaCl 

3.13 

KKW 

43 4 

NaCl 

3.30 
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TABLE III —Contimud 


SubHtHIlPft 

d 

a 

M.P. 

V 

Space-lattice 

d 

KI. 

H.75 

12.0 

953 

63.1 

NaCn 

3.50 

AgCl. 

2.38 

13.2 

724 

25.8 

NaCl 

2.78 

AljBr. 

2.75 

10.5 

700 

29.0 

NaCl 

2.89 

Aid. 

4.09 

— 

~ 

41.4 

ZnS 

2.81 

TWA . 

4.1 

— 

099 

34.1 

CsCl 

3.34 

TlBr. 

5.3 

— 

723 

37.0 

— 

_ 

Til. 

0.9H 

~ 

704 

40.7 

_ 


CaFj. 

1.2 

5.7 

1575 

24.7 

f'uFj 

2.35 

MkO. 

0.70 

2.8 

3(K)(J 

U.O 

NaCl 

2.10 

PUS. 

1.95 

0.0 

12SH 

31.2 

NaCl 

— 


found to bo the case. Thus, amonn tlie solid clomonts, the alkali metals arc 
found to have the greatest compressibilities and also the greatest exjiansion 
coefficients and corrospoml therefore to minima in the cohesive forces. Two 
other properties, atomic (or molecular) volume and melting ])oints, in all 
probability also bear a relation to the cohesive forces. A large cohesive force 
should result in a relativ(dy small atomic volume and a high melting point. 
The small atomic volume obviously corresponds to a large attraction between 
the atoms. The melting point represents the limit to which a solid can be 
heated and maintain its form. Hiso in temperature corresponds to the input 
of energy, some of which, ns kimdic energy, works against the cohesive forces. 
If these forces are small, n relatively small in|mt of energy and therefore a 
relatively low temperature is sufficient to overcome them and bring about de¬ 
struction of the lattice and hence melting. 

Heat Capacities of Cuystaeeine Solids 

The Law of Dulong and Petit: The atomic heat capacities of a large 
number of crystalline solids when measured in the vicinity of room temper¬ 
ature nppro.ximate to the value 0 calories per degree. In so far ns this applies 
to the elements, it is known as the law of Dulong and I’etit. This is true of 
the metallic elements and of a number of halides and sulphides, as may be 
seen in the following table. The “atomic” heat capacities of compounds are 
calculated by dividing the iiroduct of specific heat and molecular weight by 
the number of atoms in the molecule. At the end of the table are given values 
tor the atomic heat cajiacities of some of the lighter solid non-metallic elements 
and of solid compounds containing such elements as oxygen and carbon. It 
will be seen that these deviate markedly from the rule. 

The above values are those determined at constant prcs.sure. lAiwis has 
shown that the values of the atomic heat capacity at constant volume, calculated 
from the above by the thermodynamic relation 


C* = Cp - 0.02423^^ 
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TABLE IV 

Ati)MIc Hku' Timi-itiks it H.ii.VI Tt:MI>tH\Tli|.E 


Eloiijcnts 

('nlU)i«llUtl{s 


Alojiiid Iloat 


.\(d>mio Hi'iit 


(aparily 


Taparity 

Li . 

»!.<> 

NaC[ 

! (1.1 

Nil . 

(5.9 

K(’l 


Mk . 

<50 

KI 

; (5.S 

Al . 

r>.s 

tad 

i (5.,'. 

K 

7.1 

tal 

1 (5.7 

< 'h 

<5.0 

T.‘( •! j 

1 (5.;j 

Vi) 

(5(1 

I’lhS 1 

riM 

(’ll . . 

...s 

I’l.CI: 1 

(5.2 

Zii 

(50 

.•^Ii.Si ! 

:>7 

A« . 

(5.1 

i 


IM 

1. I 

Si(' i 

:i.2 

T(‘ 

(5 1 

Mlid 1 

1 K 

1*1. 

(l.l 

<'1l(l I 

A. 2 



\t.(). 

11 

11 

2 s 

I.’.d, 1 

r. 1 

(' (llcilllDIul) 

1 (> 

C.iCd, 

1 ] 

(' (j'lapliilf’) 

S. ' 

2 0 

li 

:i 1 

I . 1 

(50 




in wliich 

I' - Alniilic Miliiiiir. 

[i = ('iiMi|irc"iliili( \, 
a — 1‘Apaii^iiiii corflii-KTil, 

nrn in aniiK'wImt nlnanr .Tuia'riin'nl tliaii Ilia l■(lll'l.■llll prr-.Miri’ valuiT. 'riicias 
.'till rcniiiiii niarki'il (Icvialiini', linncM'i' 

One riTiMiM fur llio |)ai'lial failure nf Hie law nf Dnlniii' iiinl I’elit lies in Hie 
nrliilriiry eliciioe of laioin leriiperaHire a' Hie leinperalnre of eonipariMin. Iii- 
veMication of the eliange of heal capaeilv ttilli teinperaliire hae revealeil Hint 
this law is sniiorilinaled lo a more paieral one wliieh slates lhal aloinie, heat 
capacity at constant voliinie increases with the temperature to a inaxiniuin 
value wliich is in the iiei(!hliorhoo(l of li calories ))cr ilcurce for all sulistancea.i 
This constant niaximnrn has alri'ady hcen reached at room tcni))erntiire hy 
those snhstances which oliey Hie law of Diilonu and I’elit, and their heat 
capacities are nearly iiide|iendeiil of the leni|)eialnre at room temperature. 
The heat rapacities of those other suhslances which deviate from the law are 
■'till increasiiiK more or less rapidly with the temperature and presumalily will 
reach a maximum at much higher temperatures. Thus, for example, the 
1 See, however. Kastaiaa. \\ illiams and d iinaa. J■ .tin. (.'/am. .Sac., 46, 117S, 1 tM 111121). 
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atomic heat capacity of diamond has risen to 6.45 calories per degree at 1169° 
K., from the value of 1.6 calories per degree at room temperature. 

Heat Capacity and Tem¬ 
perature; In Fig. 9 are plotted 
values of atomic heat capacity 
against temperature for three 
typical substances. It will be 
seen that for two of these the 
heat capacity approaches a 
value in the neighborhood of 6 
at the higher temperatures. 
As tlie temperature is lowered, 
a region is encountered in 
which the heat capacity falls 

fio. 0. Atomic Aluminum ,in.l 

at least one substance (dia¬ 
mond) anil probably of many, becomes immeasurably small at temperatures 
considerably above the absolute zero. 

It is apparent that the heat capacity-temperature curves are of the same 
character. Lewis and (iibson' have demonstrated that the atomic heat ca¬ 
pacities at constant volume are expressible as functions of the temperature 
for a largo number of substances by the equation 



in which F is the same function for all,* and 6 and » are constants characteristic 
of the particular substance, The constant, 9, has the diinensions of tenqier- 
aturc and may be set 
equal to the temperature 
at which = |/i = 2,98 
cals. Substances may be 
divided into two chusses 
with resirect to the value 
of n. For the elements 
which crystallize in the 
cubic sy.stem, and for 
thallium, zinc and solid 
mercury and for the 
alkali halides as far as 
investigated, n is equal 
to unity (Class I). For 

other substances « has n 

values less than unity, Fm. lO. r,a for G.iiphilc nml Lead Chloride 

* J. ylm. Chm. .Stir.. 39, 2554 (1917). 

* A discussion of the probable form of this function w ill be found in Chapter XVII. 
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rjuiiting from 0.90 for thallous chloride down to 0.31 for .‘'olid beimcne 
((’lasa II). 

7’ 

If the above relation is correct, plots of the value of against a log -r for 

6 

(lifforpnt Biibstnnccs shciiild lie (in tlio sniiH' curve-. Such vuliios Imvi- Ih-ou 
plotted in Fig. 10 for graphite and lead chloride of ('la^.^ II. ’I'he values of n 
and for different substances which give the .same curve as iu Fig. 10 are 
recorded in the following table. 

T.vni.E V 


V.i.cK or a .wii fl 



n 

0 


Load. 

1 



Dinnioiul.. ■ ■ 

1 

1(11 


I’otiuwiuni clilorido 

1 


1.7.') 

(Jrnphitc. 

0 7S') 


'i.rm 

Lt'iul (‘hlorido.... 


i:).7 

I.IMH) 


The Mesomoiipuic Stvte (bigein CuvsT.vi.s) 

The majority of substances may be (ditained in one or more crystalline 
phase.s, a liquid phase and a vapor phase only. It appears, however, that a 
restricted group of organic substances are capable of forming yet another phase 
intermediate both as to occurrence and as to prop(‘rti(*s betwe(*n the crys|.alline 
and liquid phases. Sidistances in this state ha\(* been l(‘rm(‘d ' liipiid (-r.vstnls 
to indicate their transitional character 

ft should be understood that lirpiid crystals do not eombiia- the jiroperties 
of the li(juid and crystalline states. If onr idi-as as to iln* nltimate natures of 
these states are correct, this would be an oloions impossibilit.v, since in the 
one state the constituent iiartich-s are assumed to be distributed at random 
and in the other .state to be arranged in dehnile space-patterns (if greater^or 

less symmetry, all obeying the one fnndiimenlal law of rati.. indices. The 

particles obviously cannot be at the same time both in a random arrangement 
and in a definite geometrical arrangement obeying the. law of rational indices. 
Rather, the properties of liipud crvstals indicate that these are intermediate 
between the two states in the sense that while there may be a primitive ar¬ 
rangement of molecules in one plane or around a common a.vis, this arrange¬ 
ment is not sufficientlv elaliorate to permit obedience to the law of rational 
indices. Since the term ■■liipnd crystal-" may lead to misunderstanding 
of the true nature of substanci's in this state and since it seemingly siibordinaten 
the state to the liquid and the crystalline, whereas it aclually possesses its 
own peculiar characteristics, it has been suggested that this designation lie 
abandoned and the term ‘■me-omorphic state” substituted.' 

I G Friedcl. .timalca dc l>hv.i.|iic |ll|. 18, 272-474 (1922), Tins 200-|iago im)icr contain. 
Ihe most recent account of the iiroporiic, (especially the optical proiwrtic.) of iupial cry.taU. 
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As an example of a substance yielding a mesomorphic phase, we may take 
cholestcryl benzoate, the first of such substances to be discovered. Cholesteryl 
benzoate, which is a crystalline solid at room temperature, melts sharply at 
14.5,5° to a cloudy, viscous liquid, the mesomorphic phase. This is stable up 
to 17H..5°, at which temperature it undergoes an abrupt transition to a clear 
mobile liquid. The most striking property of the me.somorpluc phase is its 
bi-refringencc. Hi-refringence or double refraction consists in the ability to 
resolve a beam of incident light into two polarized, refracted beams. When 
a bi-refringent s\d)Ktancn is exaiuined bi'tween nicol prisms set at right angles, 
the normally dark field is lightened. That this is not ilue to optical activity 
of the ordinary kind is shown by the fact that there is no position of the analyz¬ 
ing prism at which the field becomes dark again, whereas if the prisms are kept 
at right angles and rotated together, extinction <loes occur. 

Prior to the discovery of liipud (U'ystals, bi-refringenc(^ had been observed 
iTi the majority of crystals (all except tl[os<‘ of the cubic system) in liquids 
placed in ii strong electrostatic or magnetic field, and in amorphous solids 
subjected to a mechanical stress. Tln^ bi-refringence, morwjver, had been 
successfully ascribed to a lack of symmetry within the substance such that 
physical properties had different numerical values according as they were 
measured in one or another direction through it. Wucli substances are said 
to 1)0 anisotropic. Cases, ordinary ii(|uids and crystals of the cubic system 
are isotropic, the first two being so because of their complete hick of symmetry 
and the hitter because of their vei'y high symmelry. Mesomorphic substances 
arc obviously not crystalline in the ordinary sense, nor are they under any 
externally applied stress. To account for their hi-refringence and therefore 
their anisotrojiic character, it seems necessary to assume that the molecules of 
such substances are not distributed at random as in an ordinary fluid but in 
some regular manner, however primitive the arrangement may be when com- 
])ared to the arrangement of atoms in crystals. 

This asKunqition of molecular orientation is further borne out by the inter¬ 
esting forms which liquid cry.stals assume. Perhaps the most extraordinary 
of these are the so-called graded drops {Irs {laiillrs fi groi/i'ii.s). When a small 
mass of ethyl para-azoxybenzoatc, for example, is fused on a carefully cleaned 
glass plate or a freshly-cut cleavage surface of mica, it does not wet the surface 
but draws up into a driqi whose iqiiier surface is smooth and perfectly plane 
and whose edges are graded off into steps. The drop appears to be built up of 
a |)ile of planes which, when the drop is touched, glide over one another easily 
and recall the cleavage planes of crystals. It appears iirohablc that these 
planes are of molecular dimensions in thickness (about .’lO A.). Their edges 
are made visible under the microscope by the fact that they are terminated by 
chains of very line droplets which are bi-refringent. 

Other structures, some of them strongly resembling crystalline forma with 
edges rounded off, are met with when certain of these substances .separate 
from solution. Ammonium oleate yields such forms, resembling double cones, 
when it separates from an alcoholic solution. When cither ethyl para-azoxy- 
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benzoate or ammonium oleate is melted on glass so that it wets the surface, 
it may show a fan-like structure or that of a colony of particles of ellii)tieal or 
spherical cross section. 

In another group of inesoinorphic sub>t;uic(‘s, of which para-nzoxyi*henctol 
is an example, filiform (thread) siructuro is visible. Tlie threads are variable 
in number, appearing in especially large (piantify when tlie preparation is 
placed in an electro-static field, in wliich they orient tln-niselves along the 
lines of force. 

In all the above examples, evidence tif a tendency to molecular orientation, 
producing a structure of some sort, is apparent. It might therefore bo ex¬ 
pected that the substances would have sonu' elT(*ct on X-rays, such as crystals 
do. Attempts to obtain ditTraction effects of this natun' ha\(“ so far Ix'cn u?i- 
successful; but it should bo pointed out that the forms wliieli would seem to 
be most suitable to the test, namely, the graded <lro)>s, have not n.s yet been 
tried. According to the best opinion, the molecules of substajices in the meso¬ 
morphic state occur in groups having a common axi-< 

About 250 substances wduch yiehl a mesomorphic pha'>c have be(*n prepared 
up to the present. All are organic compounds having a long straight-chain 
which may contain para-substilut(‘d ring". l Aample'' of the various types are: 
.Vmmonium oleate ri 7 lb 3 (- 0 ()Xlli, 

Ethyl para-ttzoxybmizoatc C.lf.ClO.CHCll( /N’-n( )(’ll('ll('0,r.H,, 

o' 

(’holesteryl acetate (df 3 (’()().C 26 irt.i, 

Pnra-nzoxyphenotol (' 2 lb()\ 

O 

For further information on the subject (d liquid cr.\sfais, the reader is 
referred to Kriedel’s paper mentioned above and to “Klus.'-igi* Krystalle” by 
Lehmann (Kngelmnnn, I.eijizig, 1004) and “ KrisfalliniM-lie Flussigkeiten 
und Flusbige Kristalle” by Schenck (I'higoliminn, Leipzig, 1005). 
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THERMOCHEMISTRY 

IIY A. I- MAIiSHM.I., I'H.I)., 


Irntnutoi in PIiijskhI Oumi^lnj, I’lincif'in rnmi.siti/, A. ./. 


Tli(‘ lioat ofTc'cts a<‘<‘(iin|)aii} iiij!: Midi faiiiiliai' rracfiniis a> IIk* <'oiul»iisJi(iii of 
fuel early attracted nnicli attention, liovle, I,a\oMer. Laplace, Duloii);, Davy 
and Kuinford a!! concerned thein>d\es witli llicrnKM’lieiiiical ln\«‘^tiKa^ion^ l»ni 
(lieir experiinents were of too roniih a nature to he of niiidi value (juanlitatively. 
The beKinninKs of modern thei'nioe}i('nii'li> weie practically conli'inporaiieoiis 
with the doctrine of the cojiM-rv.ition of <'iieru\. Tlieniiochemi‘‘try treats of 
tin' heat cffrct'^ and Intannl ininii/ i'liaiKji s accompanying chemical reactioii.s. 
We speak of emlothermic and evolhejimc reaction', meaiiini; tho-e that take 
place with an ah-orption or evolution of heat 

(^uantitie.s of heat are iMially e\pie"-ei| in teini' of the laait capacitv of 
water for a temperature clianjic It i> onlv of lali* .\ears from the work of 
Rowlands,' Ondiths - and ('alleiidar ami liariies ' that i(, lias been realized 
tiuit the specific heat of watei \arieil 
with the temperature. Hence, the 
calorie i' only fully ddiiH'd wlimi tin 
particular di-uree of temperatun 
specifieil fhroutjh whii'h unit mas; 
water is h(‘ated. 

Two units havi‘ been used 
measure amounts of heat, the lo 
orie which is eiiiial to the amount of eiierc.v l.■(plired to raise the tem|)eniliire 
of one iirain of water from I')° (o 1(1° <' ami the mean calorie whndi is l/MK)th 
part of the amount of encrjrv reipiired to rai-c one (iram of water from 0° to 
100° (’. Ihirnes has diown the latter to be lart-er by 0 017 per cent, The lo® 
calorie is the one most I'ommonly ii'ed. ’I'he kiloi-rani calorie is very frequently 
employed in exiiressinj; hi’als of reaction and i' equal to one thousand lo 
calories. On account of the interrelation between the \anous forms of eiierny, 
it is quite customary to (‘\prcss a ijuanlit\ of heat in other units beside.s the 
ealorie. 

I eal. = 1 JS-’ X 10^ erys. 

I cc. atmos. = 0(rJt2;i eals. 

1 volt couloinl) = 1 joule — !()• erji'. 



20 * 40 * 60 * 60 * 100 * 

I .Sjici jIic l|e;il <tf WilOT 


' PriK. .Iffi. Acntl.. No'. issU si. 
■Phil. Tram.. 184. aUl 
* PrtK. Hoy. Soc., 67, (IIKIO). 
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These constants are those given by Lewis ‘ from a critical survey of the 
literature. 

Reactions at Constant Volume and Constant Pbessurb 

Wlicn a chemical reaction takes place without volume change, such as the 
heat of combustion (Ictcrinincil in a bomb calorimeter, the increase in the 
internal energy of the system, Af/, is called the heat of reaction at constant 
volume. AC for any reaction is defined as the difference between the total 
internal energy of the resultants and the reactants. Under these conditions 
no external work is done by the systejn during the reaction. 

In most cases, however, the reaeti<in is carried out at constant pressure and 
the heat effect measured is slightly different from Af'. The heat of reaction 
in a constant pressure calorimeter will he termed A/f and is defined as the 
heat absorbed by the reacting system during the reaction. There is a difference 
in usage regarding the algiibraic sign of thi^ heat of reaction. When heat is 
evolved by our convention, tlu^ sign is negative, which corresiionds to thermo¬ 
dynamic custom. 

In most reactions involving solids or liiiuids the difference hetween Af/ 
and A/f is negligible, hut in case.s when' gases are concerned, this is not so. 
Since the heat content of a perfect gas is independent of tlu^ pressure, A/f — Af/ 
must be equal to the work done when the reaction takes place at constant 
pressure. If the reaction proceeds with the formation of 1 mol. of gas, work 
has to be done against the external pressure; this can usually be calculated with 
sufficient accuracy by assuming that the gases obey the faw I‘V = RT. AH 
and Af/ measure the heat absorlied in the reaction from the surroumlings, and 
.since, if at constant pressure a gas is produced, work is done by the system on 
the surroundings, an arlditional quantity of heat equal to the work done must 
therefore be absorbed. 

A/f = Af/ -b RT. 

The decrease in energy eonleut of a substance attending any cliange in state 
is given by the differeuce between the heal absorbed and the work done. In 
general, if An is the number of mnis. of gas produced by the reaction lcs.s the 
number consumed, then 

A/f = Af/ -f- AiiRT. (1) 

When the result is expressed in calories, R = 1,988.'). For 18° C. 

A// = AV + o80An. (2) 

The combustion of benxoic acid takes place in acconlance witli the erpiation 
CaisCOOII + 1.5(fjOj) = 7CO. -I- 311,0 -1- 77,214 cals. 

For this reaction n = - J and at 20° C. 

Alin, = - 77,214 - 5 X .183, 

= - 77,.')0.'> cals. 

' J . .Im. Chm . Sx .. 35, 1 (1(113). 
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/iH is the quantity commonly used in thermochomical work since it is the 
one most readily measured. It also renders unnecessary the evaluation of 
volume changes accompanying change of .state and, as will be seen later, it 
is a quantity closely related to the change in free energy accompanying a 
reaction. 

Methods of C.^LoniMKTiiv 

Measurements of the heat effects accompanying chemical reactions are 
made in calorimeters and are determined from the change in temperature of 
the calorimeter and a knowledge of it.s heiit capacity. The accuracy of tin; 
determination deiiends on the degree of precision attainable in these individual 
measurements. 

The apparatu.s usually consists of the calorimeter proper, in which the 
reaction takes place, surrounded by an outer jacket with an air space between 
the two. The calorimeter is usually made of pure copper, nickel plated and 
polished in order to reduce radiation to a ininimum. 

Temperature Measurement: Various methods are employed for measuring 
the change in temperature of the calorimeter during the reaction. The simjjlest 
is to use an accurately calibrated lieckmann thermometer which can be rend 
with an accuracy of about two parts in a thousand so that for a rise of 2° C. 
the minimum error would be 0.2 jier cent. Tor more accurate work or for 
measuring smaller changes of tcmpcraturi', many obscr\'ers have used re¬ 
sistance thermometers' or multiple junction thermo-couples." With these 
instruments an accuracy ten times that of the lieckniann thermometer can 
be obtained, but they nece.ssitate expensive equipment and more labor in 
making observations. 

Thermal Leakage: The greatest difficulty encountered in precise calori¬ 
metric work is <lue to thermal leakage. Many inteiesting and ingenious de¬ 
vices have been designed to overcome this dilliculty. The chief error is due 
to the determination of the total temperature change brought about by the 
reaction. This is made up of two parts: the actual change observed directly 
and the heat which may leak to or from the calorimeter. As lias been sliown 
in the preceding paragraph, the error in measuring the observed change cun 
be reduced to a negligible amount. Error in allowing for the thermal leakage 
effect may be due to a number of causes, such as the measurement of the 
thermal head, measurement of the rate of change of temperature, changes in 
the leakage constant of the calorimeter with varying temperature, lags, heat 
of stirring, evaporation, and leakage along metal connections to the calorimeter. 

The interciiange of lieat between a calorimeter and its surroundings is 
practically proportional to the temperature difference, except for effects due 
to evaporation, convection and radiation. In a well-designed calorimeter 
four fifths of the heat transfer between the calorimeter and jacket is due to 
air conduction and convection, one fifth to radiation and a very small amount 

' Dickinson and Mucilcr, Bull. Bur. Btandardt, 3, 041 (1907). 

'White, J. dm. Chtm. Soc., 34, 2292 (1914). 
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to evaporation, Richards and Burgess' found, with an open calorimeter, 
that when the temperature of the environment was slightly higher than that 
of the calorimeter (0.1°), there was, in 20 minutes, a barely noticeable change 
in the temperature of the calorimeter; but, when it was 0.1° lower, a noticeable 
cooling took place, probably due to distillation of water from the calorimeter 
and its condensation on the walls of the jacket. The evaporation of 10 mg. 
water consumes 0 cals., so that, in a determination involving 1000 cals., this 
introduci* a variation of 0.6 per cent. Observations with an open calorimeter 
show that a rate of evaporation of 10 mg. per minute is not unusual and this 
involves a heat loss which is very uncertain. In all precision work the calo¬ 
rimeter should be closed with a close-fitting thin metal cover to check evapora¬ 
tion. The outsi(h! of the calorimeter vessel should bo carefully dried and 
precautions taken against moisture absorbed on the outer surface. 

There are two distinct methods employed in ealorinudry for successfully 
controlling thermal leakage: the one consists in keeping the temperature of 
the outer jacket constant, and the other or adiabatic method * in keeping the 
environment at every instant at the same tem|)crature .as the calorimeter. 
This is done (uther by electrically heating the outer jacket or by rasing the 
heat developed by some chemical reaction such as neutralization. The adi¬ 
abatic method does not diminish error siinirly by reducing the magnitude of 
the thermal leakage loss. It docs however permit the use of a large air gap if 
the calorimeter is closed, with a couseriucut reduction in the leakage constant 
of the calorimeter. With rapid changes of temperature, the use of a wide 
air gap may give rise to convection currents, since the temperature of the 
jacket always lags behind that of the calorimeter, due to a lag in the ther¬ 
mometer itself and to exiieriinental difficulties. The adiabatic method ’ is 
quite often more convenient for practical use. Automatic devices have been 
developed for controlling the jacket tempruature and keeping conditions adi¬ 
abatic.* The diderential hydrogen thermometer of Osgood regulated the 
temperature of the environment within 0.()():t° of that of the calorimeter. 

In a calorimeter with a constant temperature environment, the width of 
the air space between the calorimeter and jacket is inqmrtant. Ton small an 
air gap means an insufficient amount of insulation around the calorimeter. 
The increase of insulation due to widening the gap may be considerable at 
first but soon reaches a maximum point la'yond which the leakage rate in¬ 
creases due to the ellcct of couvection mirrents. The problem of securing a 
constant ratio of thermal leakage to tenqrerature is, practically, the problem 
of diminishing convection. The optimum width, according to White,* lies 
between 10 and 17 mm. With large c.alorimeters, where the temperature 

• J. .4m. Chem. Soc., 32, 4H1 (l!)U)). 

‘UiolmrtU, Hendormin, Fn'vert, Z. phyaik. Chem., 59, SiW (1907). 

* For a discuBsiou of adiabatic calorimetry see White, J. Am. Chem. Soc., 40. 387, 1890 
(1918). 

*Rieharclii and Davia, J. ilm. Chem. Soc., 39, 344 (1017). Richards and Os^>od, ibid., 
37. 1718 (1915). 

» J. Am. Chan. Soc., 40. 379 (1918). 
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change is leas, wider gaps may be used. The supports between the ealorimeter 
and the jacket should be metallic' and the contact with the calorimeter as 
small as possible. 

Dickinson made a comparison between the two methods by determining 
the heat capacity of a calorimeter and his results agreed within one part in 
fifteen thousand. 

Calculating Thermal Leakage Effects; For the simpler methods of calorim¬ 
etry, where the greatest precision is not desired, the grn|)hic method of Jaeger 
and Steinwehr ^ is very useful in calculating tliernial leakage effects. 

The temperature of the calorimeter is noted at regular (30 sec.) intervals 
for a iicriod of time before the reaction is started and the change should be 
directly proportional to the time. .At a definite inoment, at which the temper¬ 
ature prevailing can be readily ealculatcd, the reaction is started, temperature 
readings still being taken as previously. The temperalure elianges at first 
rapidly, then more slowly, and linally a time is reached where the change is 
once more proportional to the time. Ity applying Newton s Law of ( ooling, 
which states that the thermal leakage is jiroporlional to the ditference in 
teniperatiire between the calorimeter and its environment, the maximnm 
temperature which the calorimeter would have attained without thermal 
leakage can easily be calculated. 

The observed calorinieti'r temperatures T are phdted as a fiinctioii of 
timet. If 7'o is the temperature of the environment and K the leakage niodnlns 
or cooling constant for the caloriinctiT, then, from Newton s Law of Cooling, 

- K{T - To). G*) 

ill 

K is the temperuture ehaiif;!' of tlie eal- 
orimotor in unit time when tlie difTer- 
eiiee in temperature of the ealorimeter 
and environment is \° ('. K can 
culeulatcd from the ohservations made 
before or after the rcaetion takes plaee. 

Newton's law oidy holds aeeurately 
for small temperature dilTerenees and 
therefore the smaller [T — 7’o) is, the 
more accurately the cooling correction 

can be estimated. If p — v, tlien, 
at 

for the ix^riod before the reaction 
started, 

_ A'(r, - To) (4) 

' See Dickinson, Bull. Bur. SUindtirds, 11, 210 (1914). 

*Ann. Pkyitik, 21. 23 (1906). 



Vui. 2. Typical Tcinpcrature-limc Ourvo 
in f'aloriinftry 
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and, for the period after the reaction. 



c, = - K(T, - To); 

(5) 

hence 

A= Vi), 



(6) 


To=i~+Ti = '^+Ts. 

K K 

(7) 


The correction to the observed temperature difference, wliich has the opposite 
sign to tile lieat abaorlied or giv<‘n out i)y tlie calorimeter betweert tlie times 
(i and h, is given by the equation 

r = K f ' (T - Tc)dt. (8) 

dll 

If tlie temperature T is plotted against time t in Fig. 3, then 


f'iT- 

dll 


is the difference of the areas A \ and A i above and below To- The times h and 
Is cun be chosen at any optional points in the periods before and after the 
reaction. To the difference T = Ts - ft where 7'j and T, correspond to 
the times (j and ti must be added the quantity T. 

Tho following example will illuntratc tiio method. 



The mean thermal leak for the fint 9 mins, is 

18.173 " 18.042 
9 


0.0140® per min. 
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The temperature at the beginnins of the llth min., when the reaction started, ia beat calou* 
lated by extrapolating each observed temperature to the beginning of the llth min. and 
taking the average. 

To + lOrt + • • • + 7* 4- ri 

-- = 18.1S9*, 

where the subscripts to the T's refer to the times wlien readings are made. Tlie thermal 
leak n corresponds to a mean temperature of 

18.173® + 18.0-12® 

- - - = 1H.107® = Tu 

At the end of the 19th min. the thermal leak is again practically constant and for the last 
21.710®- 21.970® .... 

ten minutes amounts to —-- »* - 0.0200® per minute ■“ n, which in turn 

corresponds to a mean temperature of Ti « 21.810®. By c<juation (0) K ** 0.0109 and 
from equation (7) To = 19.45®. For any temperature T the thermal leak in, accordingly, 
(T — 19.45®) X 0.0109 degree per min. If the mean temi>erature f«ir each minute is calcu¬ 
lated, the thermal leak for that minute can 1)C determined, ami, by summing those terms, 
the equation for T' can be integrated. 


Time 


M<‘:m 'I'omp. 

Thcrmiil I^ak 

llth mill. 


19.0 ® 

-0.15 X 0.0109 

12 “ . 


20 4 

f 1.0 

13 “ . 


21.1 

+ 20 

14 “ . . 


21 H 

+ 21 

U) 


21.9.') 

+ 2.ri0 

10 “ . . . 

V 

. 22 02 

+ 2.r)7 

17 “ 

22.04 

+ 2 .'jO 

18 


22 03 

+ 2..5K 

19 


22 01 

-t- 2..^0 

20 


21.9h 

-(■ 2 :.:i 


r = -f 20.3 X 0.0109 » 0.221. 

Without thermal leak, the final leinperntiire would h;^^c been 21970 f 0.221 » 22.11tl® 
and the temperature rise eorrespomling to the reaction would lia\e Ix-en 22.191® — 1K.189 
» 4.002®. 

T' ean also be f)btained by <leterminitjg tbe area of the figtire AH('I) in I'ig. 2, subtracting 
from it the area of the rectangle (7'o — — b) and multiplying this result by K. Tho 

approximate arithmetic method of integration eini.Io>cd in the rnlnilation is however exact 
enough for the imrpose. 

Stirring: The satisfactory stirring of tlie calorimeter liquid is very im¬ 
portant and has been neglected Iiy many investigators. 1 he stirrer should 
be 80 designed that, when working efficiently, it does not cause a change in 
temperature exceeding O.OOl*^ per minute, llichards and Rurgess * adopt a 
reciprocating stirrer made of two platinum rings, 2 cm. wide and perforated 
with holes; platinum rods supported these and wen; fastened to glass tubes. 
It was necessary to work this stirrer 60 times per minute to obtain adequate 
stirring. Dickinson * found a screw propeller better than the reciprocating 

I J. Am. Chem. Soc.. 32. 431 (1910). 

BhH. Bur. Standard$, 11, 210 (1914). 
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stirrer. With the latter, temperature differences of 0.5° were observed durins; 
the 6rst minute after the heating eurrent was turned off and these only reduced 
to O.OOr after 7 to 10 mins. The former showed 0.07° differences after the 
first minute, and these reduced to 0.001° in five minutes. Macinnes and 



Braham,* using an adiabatic 
arrangement, found that, if the 
temperature of the outer jacket 
were kept 0.15° below that of the 
calorimeter, there was no correction 
duo to stirring. 

Heat Capacity of the Calori¬ 
meter: This corresponds to the 
amount of energy that is nece.ss,ary 
to raise the temperature of the cal¬ 
orimeter 1° C. It is best measured 
by dissipating a known amount of 
electrical energy in the calorimeter 
and noting the rise in temperature. 
This method is due to Jaeger and 
Stcinwehr.'' 

The Combustion Bomb: The 
bomb calorimeter was developed by 
Berthclot’ to measure the heats 
of combustion of organic com¬ 
pounds. Atwater and Snell ‘ have 
miKlified Berthelot's bomb in some 
respects, using a gold-plated copper 
lining in place of platinum. The 
bomb itself is made of gun metal 
steel, the cover is heavily threaded 
and screws down on to a lead 
washer. The material is suspended 
in a platinum dish in the bomb and 
oxygen is admitted to a pre.ssure of 
about 25 atmospheres. Ignition is 
brought a b o u t by m e a n s of a 
weighed piece of iron wire which 
is heated electrically. Before igni¬ 


tion of the substance under investigation, the bomb is placed in a calorimeter 


and the heat evolved is measured in the usual way. 

Richards * claimed that the lead washer was oxidized during the reaction 


' J. Am. Ckrm. Hoc.. 39, 2110 (1!)17). 

' Vfr*. dni. vkys. Om., 5, 50 (1110,'i). Z. idiymk. Ctum.. S3, 15:! (1905). 

* Ann, chim. idiyt., (5) 23.100 (1881); (0) 10, 433 (1887). 

>J. .4m, Ckem. Soc., 35, 659 (1903). 

• Z. phytik. Ckcm., 59, 535 (1007). 
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and he covered it with gold foil to prevent this. By immersing the bomb in 
an adiabatic calorimeter, results were o|)taincd on the combustion of cane 
sugar with an accuracy of 0.1 per cent. It was necessary to correct for the 
electrical energy used to heat the wire, the combustion of the iron, and the 
nitric acid formed by the oxidation of some of the nitrogen contained in the 
bomb. In a typical measiircnicnt, the total rise amounted to 1.00')°, the 
correction for the burnt iron to - 0.01.')° and for the nitric acid to - 0.003°. 
When liquids are to be used, they are enclosed in ghiss or collodion bulbs ami 
a known amount of sugar is added, which, on ignition, breaks the bulb, vola¬ 
tilizes the liquid and maintains sufficient beat for complete combustion. 

Dickinson ‘ gives a critical .stuily of combustion calorimetry, using a 


constant temperature jacket and a 
platinum resistance thermometer. 
He includes a complete bibliograirby 
on heats of combustion and general 
calorimetry. Robertson and Garner - 
have developed a calorimotor-f o r 
determining the heat produced when 
high explosives are dctonatcil, in. 
order to obtain a measure of the 
energy developed and also to inves¬ 
tigate the nature of the gases evolved. 
The bomb was made from vanailium 
steel and the walls and bottom were 
lined with steel to prevent damage to 
the bomb from flying fragments. To 
avoid loss of gas at the instant of 
explosion the thread of the steel ))lug 
was filled with a mixture of litharge 
and glycerine. The high ex|)losive. 
and detonator were contained in a 
steel cylinder suspended in the mid¬ 
dle of the bomb. 

Electrical Calorimeter: A very 
convenient form of calorimeter for 
many purposes was usc<l by U. 
Fischer in his work on silver iodide. 
It consists of a large well-evacuated 
Dewar vessel (.1) having an easily 
removable wooden cover (ft) carrying 
a stirrer (C), Beckmann thermometer 
and electrical heating coil (D). The 
heat capacity of the calorimeter can 



l-'n,. I. Klrctriciil ('iiloriiinjttT 


• Loe. cit. 

'Proc. Roy. Soc., 103A. 539 (1923). 
» Z. anorg. Chem.. 78. 57 (1912). 
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be determined by supplying, electrically, the same amount of heat as that 
generated by the reaction and over a similar period of time as that taken by 
the experiment, so that errors due to thermal leakage are similar to those 
occurring during the reaction. If a current of i amps, is passed for t seconds, 
and the resistance of the heater is r, and the rise in temperature produced is r, 
and if the reaction studied caii.sos a rise of Ti, then q, the heat evolved by the 
reaction, is given by the cxpres.sion 


: X 0.2394^ . 

i 1 



The advantages of this method are 
great in work which does not require 
the highest precision; the diminution 
in thermal leakage with less care 
exercised as to thermal head is a 
great gain. Free evaporation is 
always a factor in a calorimeter of 
this type. 

Ice Calorimeter; Bunsen ‘ was the 
first to use the decrease in volume 
when ice melts in order to measure 
heats of reaction, and, since his time, 
it has been used by a number of work¬ 
ers. Fig. 5 i.s the diagram of appa¬ 
ratus used by Marshall and Keyes ’ in 
work on the heat of adsorption of 
oxygen on charcoal. The entire cal¬ 
orimeter was contained in a support 
sliding on two vertical .steel rods, 
and could be clamped in position at 
any height. This was ncce8.sary 
as the quartz tube containing 
the charcoal was fixed in position. 


'Pile caloriineb'r jiroper was contained in a Dewar flask /?, and was suspended 
by means of a collar and bracket at C, fitting the top of the inner tube and the 
top of the Dewar flask. The ice calorimeter, which was of the ordinary type, 
although made of pyrex glass, was surrounded by a glass tube D closed at the 
upper end by a rubber stopper, and open at the lower end. By blowing on 
the small tube E, the water could be forced out of the gla.ss mantle, and the 
calorimeter surrounded by a jacket of air. This device i.s due to Boys,* and 
was quite effective in cutting down the natural leak of the apparatus. The 
capillary tube on which the volume changes were measured was broken by a 


' Pom- Ann., 141.1 (1870). 

* Private ootnmunioution. 

^PhU, Mag., (6) 24, 214 (1887). 
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ground joint at F and G, The horizontal tube was so arranged that the parts 
of the joint just eame together when the calorimeter was raised in position. 
No lubricant was used on this joint. A small mercurv re.servoir at H enabled 
adjustment to be made of the preliminary position of the mercury column. 
Ice of good quality was used in the apparatu.s, and was ground to the con¬ 
sistency of snow in an ice shaver. This ice was then packed carefully between 
the Dewar flask and the Boys mantle. The packing had to be carefully done, 
otherwise, the ice calorimeter would not give a constant leak for any great 
length of time. The ice mantle was formed on the walls of the inner tube by 
partly filling the inner tube with mercury, and immersing in the mercury a 
glass tube containing a small amount of liquid ammonia. By keeping tlie 
mercury moving uj) and down by means of this inner ammonia tube, a very 
even mantle could be obtained. The ammonia gas was prevented from coming 
in contact with ice in the Dewar flask by leading it away through a stopper and 
a long rubber tube. With this apparatus a natural leak of .02 to .04 cm. on 
the scale per 5 mins, was obtained. This hnik was dependent upon the purity 
of the ice used, and the difference in level between the horizontal capillary 
and the mercury level in the body of the eal<irim(‘ter. These two effects 
operated in opposite directions, so that, by adjusting cither, a point could be 
reached where no leak was noticeable. It wins found that new additions of 
gas could be made about every hour, this being the time necessary to attain 
equilibrium. The amounts of heat measured each time were of tln^ order of 
0..5 to 2 small calories. After some o hours, the leak increased rapidly, with 
the result that only about 5 accurate readings could be obtained per run. 

The great advantage of the ice calorimeter is that it can be used to measurt! 
very alow reactions with the same accuracy as that obtained in other methods 
of calorimetry. It is also suited for reactions where a very small amount of 
heat is evolved. It has been so used by Ramsay and ,Shields * and, quite 
recently, by Foresti,^ in the measurement of heats of adsorption. 

A typical mcasureiaent by lianisay ami .SliioWs aill illusiratc the inethoii of workiiw. 
lu their capillary, 1 ram. corresponded to 0 100.1 ral, In an eipenmont, U.744 a. l>t black 
absorlwd 7.38 no. hydroaen, the mercury column beniK displaced 43.0 mm. to the left corm- 
aponding to 4.501 cida. evolved or 13,030 cals, lier mol. of hjdrogen alisorlicd. 

An accuracy of at Icaat 1 per cent was obtained vvilli this mclhotl. Some workers have 
preferred weighing the mercury rather than measuring the distance it moves along the 
enpUlary. It has however liccn found dilliciilt to oblaiii reiirodiieible results, as the merciiry 
roluinn does not always break off at the same point when the weighing Iwtile is removed. 
It is also a very tedious method. The chief objeelion to the capillary tulie method is the 
probability of error through ''stieking." If the lube is clean and i.s tupiicd carefully before 
reading, very little error can be detected. 

One of the chief objectioiLs to the use tiie ico civlorimeter for work of 
precision is that the density of iee is not eonstant. Nichols^ gives 0.91610 
rfc 0.00009 for the density of iee while Vinet^nt * Kives 0.9160. U'diic,'* taking 

* Z. pkyaik. Chem., 25, 657 (IMIS) 

«Gok. chem ttol.. 53, 487 (1923). 

* Pkyt. Ret., 8. 29 (1899). 

*Phy». Ret., IS. 29 (1902). 

*C(mpt. rend., 142, 149 (1906). 
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extreme precautions to get rid of all traces of dissolved air, found a value of 
0.9176. He considered that water which had been boiled still contained 1 cc. 
of gas dissolved per liter at atmospheric pressure. 

Continuous Flow Calorimeters: The continuous flow principle of calo¬ 
rimetry which was developed by Callcndar and Barnes ' for measuring specific 
heat has been more recently used by Keyes “ for determining heats of neutraliza¬ 
tion. It can be adapted to any temperature at which thermostats can be 
successfully operated and an accuracy of 0.1 per cent can be attained. The 
two liquids which react arc led into the mixing calorimeter through coils of 
silver tubes immersed in a thermostat controlled to 0.001°. The rates of 


U 


flow are adjusted to give exact neutrality. The liquids enter the calorimeter 
at A and are completely mixed by the baflles C and E and then jiass over the 
thermometer F. The calorimeter is vacuum jacketed and the heat loss varies 
from 2-6 jicr cent, dci>ending on the rate of flow. By assuming Newton’s Law 
of Cooling the heat loss can be caicniated, and, from a knowledge of the sjrecific 
heat of the salt solution, a calculation can be made for the heat of neutralization. 

Barry has made a very exhaustive study of a methinl for determining the 
heat evolved by a very slow reaction such as the inversion of sugar. The 
adiabatic calorimeter developed has a gain or loss of half a gram-calorie in 
10 hours. 



Fio. (). ('ontitmous Flow Calori 


Law of Constant IIe.at Su-mmation 

All the calculations made in thermochendcal work are b.ased on the law of 
the conservation of energy. Any .system in a given condition has a definite 
heat content II deternnned by the state of the system, aiul the change in heat 
content AH due to any change in state depends solely on the initial and final 
states. AH is the quantity which is deternnned in the ordinary constant 
pressure calorimeter and is called the had of reaction. Hess ' pointed out that 
the heat evolved in a chemical reaction is indeiiendcnt of the method by which 
the reaction is made to take place. This jirinciple is known as Hess’ Law of 
Constant Heat Summation and is readily seen to be a corollary of the law of 
conservation of energy; Hess, however, did his work at a tinre when the first 
law was not generally acceiited. It is very useful in calculating heat effects 
attending chemical changes that are not subject to our methods of calorimetry. 

* Trans. Roy. Soc. (Load.). I99A. .'io 

‘Keyes, Gitlespio and Mitsukuri, J. Am. Chem. Sor., 44 , 709 (1922). 

'J. Am. Chan. Soc., 42 , 129.'), 1911 (1920); 44 , S09 (1922). 

‘Pogy- Ann., 50, 385 (1840). 













THERMOCHEMISTRY 


191 


Thennochemical Equations: In order to express changes in heat content of 
a system due to physical or chemical change at constant temperature and 
pressure, chemical equations are employed in which the chemical symbols 
denote the stoichiometrical amounts of the substances involved and also the 
respective heat contents of these substances. 

Hi (g) + li (s) = 2111 (j): Ml = 12,200 cals. 

Here 

AH = Hiiii (tf) “ (Hit, (v) d" Hj, (o). 

The state of aggregation is designated in a therniocheniieal ciiuation by attach¬ 
ing to the formula the letters (.s), ((), or ((/). If one of the reactants is dis¬ 
solved in water, this fact is shown by giving the number of mols. of water per 
mol. of reactant. If suflicient water is present so that further aildition pro¬ 
duces no appreciable heat effect, the symbol (a(|) is written in the ecpiation 

NHj (aq) + IICI (aq) = Nil,Cl (aq). Ml = - 12,300 cals. 

'riicrmochemical equations may be treated algebraically and added to or snb- 
traeted from one another. 

C.II, (g) + 30., {(/) = 2CO! ((/) -t- 211.,0 (/); Ml = - 312,000 cals. («) 

2C (draphite) d- 20, (g) = 2('(), Ml = - bS.S.OOO cals, (ft) 

211, io) d- O.J ig) = 211,0 (/); All = - 130,000 cals, (e) 

Adding (6) and (c) and subtracting («), we have 

2C (Graphite) d- 211, (</) = C,1I, (</); All = 18,000 cals. 

or alternatively 

C,H. ig) = 2C (Graphite) d- 211, ((;); All = - 18,000 cals. 

When 24 g. of grajihite react with 1 g. "f hydrogen to form 28 g. of ethylene 
gas, 18,000 cals, of heat energy are absorbed. 

By thismeth(,d. All may be calculated for reactions where it is impracticable 
to make a direct measurement. The results obtained when a considerable 
number of reactions are combined <lo not possess a high degree of accuracy, 
since the absolute error of the final result is the sum of the absolute errors of 
all the determinations considered and may give a very high percentage error. 

Heats of Formation: The absolute heat content of any element is unknown 
and in thermocheinical work we deal only with differences; yet it is convenient, 
for purposes of tabulation, to adopt a standard reference state for each element 
so that values can be assigned for the heat content of compounds. The heat 
content has been taken as zero for all elements in the form stable at room 
temperature. We then speak of the Ml of a substance, meaning the increase 
in heat content when that substance is formed from its elements m their 
standard state. For C,1I,, AH = 18,000 cals. 
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From a tabic of heat contents, the heat change in any chemical reaction 
can be calculated by subtracting the sum of the heat contents of the resultants 
from that for the reactants. 

The following example will show the application of the principles discussed 
above: To find the heat of formation of sulphuric acid from its elements. 


SOi [g) + aq = SOj aq; 

HsSO, (1) + aq = II,SO, aq; 

§11, (g) + §C1, (p) = 1101 (ff); 

HCl (g) + aq = HU aq; 

8 (s) + 0, (g) = SO, (s); 

H,{g)+i0, (p) = H,0(/); 

Cl, (g)+S0,aq+2IIj0 (l) = II,S0,aq+2HCl aq; 
From (c) and (d), AH„i.i^ = — 39,300 cals. 

From (a) and (e), A/fso, w = ~ 78,200 cals. 

From (/), (g), (h) and (i), A//h,8o,« = - 210,300 
From (6) and {k), Affaiso,® = ~ 192,300 cals. 


A// = 

— 8,000 cals. 

(«) 

A// = 

- 18,000 cals. 

(6) 

AH = 

- 22,000 cals. 

(c) 

AH = 

— 17,300 cals. 

id) 

AH = 

- 70,200 cals. 

ie) 

AH = 

- 68,400 cals. 

if) 

AH = 

— 73,900 cals. 

(ff) 



(A) 



(i) 

cals. 


ik) 


Thus, by the use of Hess’s law, wo have found the heat of formation of 98 g. 
sulphuric acid from 2 g. hydrogen, 32 g. sulphur and 64 g. oxygen to be A// 
= — 192,300 cals. The numerical values of heats of formation are those which 
will be found listed in tables of physical and chemical constants. 

The following table will give the heats of formation of some typical in¬ 
organic compounds. 

TABLE I 

Heats of Kobmation of Typical Compounds 


Keactioa AH at T =» 288® K. 

jHi to) + JCli to) “ HCl to). - 22,000 

4H, to) + jBn (0 - HBr to). - 8,440 

JHi to) + Hi («) - HI to) . 6,400 

iHi to) + JF, to) - HF (|7).•. - 38,600 

H, + S (rhombic) - H,8 to). - 2.730 

JN. (ff) -h pii (c) - NH, (e). - 41,890 

Si (») + 2H, (a) - Sill, (a). 0,700 

JN. (a) -1- jO, (a) + jH, (a) - HNO. (I). - 41,600 

Nu («) -t- ill (») - Nal («). - 09,080 

2Na («) -1- C (A) -1- |Oi (a) » NsiCO, (»). -270,800 

K («) + ill (») - KI (a). - 80,130 

C» (a) + Ii (a) - Call (A). -141,300 

Ag (a) -h JFi (a) - AgF (a). - 23,200 

Ag (a) + jcii (a) - AgCl (a). - 29,940 

Ag (a) -I- jBrid) - AgBr (a). - 23,900 

Ag (a) -H ill (a) - Agl(A). - 15,000 

Pb (a) -1- Cl, (a) - PbCl, (a). - 83,900 

Pb (a) + Br, (I) - PbBr, (a). - 04,450 

Pb (a) + It (a) - Pbli (a). - 41,850 


Variation of Heat of Reaction with Temperature; Each heat of reaction is 
given for a definite temperature but this does not mean that the temperature 
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has been constant throughout the reaction. In a combustion bomb the 
temperature may be very high at the moment of the combustion but the final 
temperature is only a few degrees different from the initial temperature. All 
we are concerned with is the initial and final state. For the n|)plications of 
Hess’s law, it is necessary for all the heats of reaction concerned to be calculated 
for a single temperature. Most of the calorimetric data in the literature arc 
for a temperature of about 18° C. It is frequently required to know the heat 
of some particular reaction at another temperature and this can be readily 
calculated from a knowledge of the specific heats of the resultants and reactants 
of the reaction. Let A//i be the heat of reaction at temperature Ti and AHt 
at Tt. Let us consider the following cyclical process: the reaction is carried 
out at Fi with an absorption of heat A//i and the resultants of the reaction are 
heated to Tj whereby an amount of heat ('f. - T,)("' is absorbed, where 
is the mean molal heat capacity of the resultants b<'tween 7', and T"); again, 
let us heat the reactants from 7’i to Tt with an absnr))tion of heat (7'i - 7'i)6’', 
where C is the mean molal heat capacity of the reactants, and then carry out 
the reaction at Tt with an absorption of heat A//-,. Then, by the First Law of 
Thermodynamics, 

Af/i + C'iT, - 7’,) = A//. + (.'"{T, - 7’.), (10) 


AHt - MIt _ 

Yt-Tt 


( 11 ) 


When the difference between Tt and 7'i becomes infinitesimal, this reduces to 

wliere ACp is the sum of the heat capacities of the resultants less tliut for tlio 
reactants or the total increase in lieat capacity from the reaction. Tins equa¬ 
tion was first deduced by Kirclioff.' I'hc inolid lieat capacity of a substance 
is defined as 



If it can be regarded as constant, we may define (Jp as tlic lieat required to 
raise one mol. of the substance one degree. If wo have a curve plotting 11 
against T for a substance, the tangent at any point will give the molal heat 
capacity for that particular temperature. Over a small range of temperature 
around room temperature C'p can be regarded as constant and 

MI, - Mil = Cp{T2 - Ti). 

For the reaction, 

2Hi (o) + Oi (g) = 2HiO (g). AHm" * - 110,116 cals. 

> Ann. Pkynk, (2) 103, 177 (185K). 


( 13 ) 
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The molal heat capacities are as follows; 


H.; 

Cp » 6.818, 

0.: 

Cp - 6,960, 

H.O; 

Cp = 9.000. 


Hence, ACp = - 2.r>9C. For the interval 100° C. to 130° C., 

AHm'* - AHm^ *> - 2.590 X 30 * - 77.88 cals.; 


hence 


AH«»^ » - 116,193 caK 


When wc arc dealing with rapid variations in heat capacity or large temper¬ 
ature rangCM, an empirical equation can be set up to express the variation of 
heat capacity with temj)craturc. 

Cp = o + 6r + cr“ + "*, (14) 


where the number of terms will depend on the temperature range and the 
accuracy of the data. In dealing with a chemical reaction for each of whose 
inembor.s a heat capacity equation has been determined over a range of temper¬ 
ature, 

ACp= + + (15) 

where Aq i« the algebraic sum of all the a’s, 5o of all the 5’s and .so on. By the 
use of this equation we arc now in a position to integrate ecpiation (12). 

A// - A//o 4- (toT + IkT^ 4- WP + • • •, (1C) 


where A//© is an integration constant and can be calculated from a single 
experiment. 

Let U8 illustruto the usefulness of this method by cniculatiiig A//i 2 ts° for the rcuction 
Hj (p) + iOi (o) = HjO (a) 

from the following data: 

(o) Hi (p) + jOi (p) = HiO (0; A//»s = - 68.400 cals. 

(5) HiO (0 = IIi(» (p): AHm = 9070 cals. 


The molul heat capacities at constant prc.ssurc of the gases Involved arc given by the equations: 

Oi (p): Cp = 6.09 -H 0.0007 r. 

Hi(p); Cp = 6.54 + 0.00077’, 

HiO (p); Vp « 8.S1 - 0.00197’ + 0.000002227’’. 

For the reaction, HiO (0 • HiO (p), 


and 


ACp - 9.19 - 0.00197 + 0.000002227’’ 

All - Alh - 9.197 - 0.000957’ + 0.000000747*. 


Whence, at 100° C.. 9670 » A//o - 3428 - 1,32 -|- 38; hence 


(r) AH - 13,192 - 9.197 - 0.000957’ + 0.00000074P, 
id) A/fw,° - 10,439. 
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and 


summing (a) and (d), 

Hi Co) + jOt Co) = HiO (o), MIu, = - 57,901, 
ACp = - 1.08 - 0.00297’ + 0 . 0000 fl 222 r>, 


gmd 

honco 


A/f « - 57,539 - IMT - O.OOlio'P + 0AK)9(HM)74'n; 
A//it7j* = - 59,738 cals. 


Latent IIe.at 

The heal affusion of solids, the heal of vnim-izaiion of liquids, and the heat 
of iransilion of one modification of a solid to another (such iis red to yellow 
phosphorus) are important quantities that are freipiently used in ealcnlating 
heats of reaction and entropy vidnes for pure sulist;ineos. In nearly every 
case the transition of the form stable at the lower tenqieratnre into that stable 
at the higher temperature is accompanied by an .ab.scjrption of heat. 

Methods for Determining Latent Heat: A calorimeter of the unstirred 
type developed in Nerii.st’s lalxjratory, which ilepemis for its sncceB.s on the 
rapid equalization of temperature throughout the calorimeter by iiieans of 
conduction, has been designed at the Bureau of Standards ‘ in connection with 
an investigation on refrigerants. With this aneroid calorimeter the heat of 
fusion of ice was determined as ltd",.7 cals, per mol. The following table 
gives the latent heat of fusion of some substances. 


TAHLH II 


HkATH of F( flON 


Subs^atico 


Temp. 


... miH 

11.5“ 


.... 2l(M» 

f).4 


.... IKIO 

m 


1214 

327 


.. 2273 

901 

Mercury. 


- 39 


In order to measure heats of vaporization of a liquid, one can determine 
either the amount of heat given u]) by a known amount of saturated vapor 
on condensing or the amount of heat required to turn a liquid into vapor at 
the same temiierature. The first method was developed by Berthelot and 
improved by later workers > in this field. Smith ^ has developed Hie hit er 
method for measuring the heat of vaporization of water; more recently, I’ogler 
and Rodebush * have used it to determine the heat of vaporization of mercury. 
A gentle stream of air is drawn through a calorimeter whose temperature is 


■ Bafl. Bur. StoadnrrfK, 12.23.49(1914); M,i:«(l«lS). , noon 

.Griffiths, Pkil. Tram.. A, 201 (1S95). Kahicterg, d. Phas. C^ra S 2'5 ^1 . 

Gunther Vogel, Z. phv>,k. arm., 73, 44.5 (191U). Hiainiag. .4nn. Phynk, (4) 21, 849 (19W)). 
‘Pkyi. Ret., 33, 173 (1911). 

•y. Am. Chem. Soc., 45, 2081) (1923). 
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kept constant by supplying heat electrically and the amount of liquid evapo¬ 
rated is weighed. By making two determinations at different rates but at 
the same temperature, the heat of vaporization can be calculated directly. 
Smith obtained a value of 9661 cals, for the molal heat of vaporization of 
water at 100° C., as compared with Henning’s value of 9697 cals. 

The following table gives the molal heat of vaporization of a few substances 
at their boiling poinhs. 

TABLE III 

IfiiiATH OF Vaporization 


Substiinco Culs./niol. Temp. 

Kenzmie. 7590 80.1° 

Bromiue. 3043 01 

Iodine. 3039 184 

NitroRon. 1334 - 195.0 

Oxygen. 1631 - 182.9 


If we assume that the simple gas laws apply to saturated vapors and that 
the specific volume in the liquid state is negligible compared to that of the 
vapor, we obtain an equation 


dlnp _ AH 
dT ~ ~ RV' 


(17) 


This is the Clapeyron-Clausius equation connecting the vapor pre.ssure of a 
substance with its heat of vaporization. 

Kahlbauni and Wirkner ‘ found the following vapor pressures for benzene: 

Ti = 293°; Pi = 75.0 mm., 

T, = 303°; pj= ll.S.0mm., 


from which AH = 7990 cals., as compared with an observed value of 8040 
cals. 

Equation (17) can be put in the form 


AH „ dlnp „ dlrnr 
— ^ li - ~ H > 

T dliiT dlnd 


(18) 


where ir and B are the reduced temperature and pressure. From the theory of 
corresponding states, the last term should have the same value for all sub¬ 
stances at corresponding states and Guldberg’ has shown that for a large 
variety of substances the absolute boiling point is about f of the critical temper¬ 
ature. Hence, it follows that the quotient of the molecular heat of vaporiza¬ 
tion and the absolute temperature of the boiling point must be approximately 
constant. This relationship is known as Trouton’s Rule;' the constant lies 
between 20 and 22. This rule gives only a rough value and when applied to 
liquids over a wide range of boiling point the constant shows a marked trend. 

^ DampfipannkraflmMsungm, (2), page 17, Basel (1897). 

* Z, phytik. Chan., 5 . 374 (1890). 

*Pka,Mao^, (5) 16,54 (1884). 
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TABLE IV 


Trouton’s Rule Constants 


Substance 

n 1 

A// 

A// 

Tb 

Helium. 

4.2'.l 

22 

UA 

Hydrogen. 

29.4 

214 

10.5 

Oxygen. 

90.0 

1004 

1H.3 

Ethyl ether. 

307 

0400 

21.1 

Carbon bisulphide. 

319 

0490 

20.4 

Methyl formate. 

304.K 

0011 

21.09 

Chloroform. 

334.5 

0972 

20.84 

Methyl alcohol. 

337.7 

8383 

24.h:i 

Benzene. 

353.2 

7370 

20.87 

Propyl formate. 

353 9 

7915 

22.45 

Ethyl alcohol. 

351.2 

9972 

28.40 

Ethyl propionate. 

372.2 

8354 

22.45 

Water. 

373 

9000 

25.90 

Formic acid.... 

373.0 

5541 

14.8;i 

Toluene. 

383.8 

7991 

20.84 

Aniline. 

457 

I(M102 

23.20 

Methyl salicylate... 

497 

1I(K)0 

22.2 


Nernst' ha.s devclopod this iilca by employing lierthelot's cepintion of 
state in the derivation of tlie (’lapoyron equation and obtains the equation 


U'i 


where vo and ru are the mnlocular vohinie uf the liquid and its saturated va|>(»r 
and X is the reduced p^e^snre. He states that, as a rule, the vnlues of 
AH calculated by this equation are more accurate than those determined ex¬ 
perimentally. Substances containiiiK the liydroxyl K^oup such a.s water, 
alcohol and organic acids, whose molecules in the liquid state arc believed to 
be associated, form exceptions to the rule. 

Hildebrand “ showed that — is the same for <lifferent substances if they are 

compared, not at the boiling points, but at temperatures where the liquids 
have the same vapor concentration. The pressure is low enough for the vapor 
to obey the gas laws. 

> Z. BUkirochem.. 22, 185 (1910). 

» J. Am. Chem. Soc., 37. 970 (1915). 
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TABLE V 


Hilukbhakd’m Constants for ~ 



AH 


AH 

SuliHtaiice 


Sulwtunco 

T 

NilroRcn. 

.... 27.(i 

Zitic. 

.... 2(i.4 

OxyKon. 

_ 27.r> 






.. . 32.4 




.... 32 

Mercury. 

. 20.2 

EBiyl nlrohol. 

.... 33.4 


A few deterniiniitionH have hoc'ii made on the heats of transition when a 
subHtanco passes from one alhdropie state to another and the following table 
gives some of the results ()l)taiiied. 

TABLE VI 


Hf5ATS OF TkANHITION 


SuPhImiu'o 

StiUoft 

AH 

IV1.. 

.('rysJ.'ilUno -Khissy 

-117IH) fill 

1*. 

.\VI>ik‘ - r<‘(l 

- 3700 

IIkIj. 


- 3000 



- 3UM) 

AkI. 

. Bi'Kuliir 

- I.'»30 



- .j'Jl 


Si>E(’iFic Heat 


The quantity of heat necessary to raise the tem|M‘ratiire of 1 g. of a sub¬ 
stance through I® C. at any temperature is called the specific heat, c, of the 
substance at tliat temperature. 

Specific Heat of Gases: Tlie heat capacity of a gas varies according as it 
is ineasure<l at constant volume or constant pressure. If one gram-mol. of a 
substance is heated at constant pressure from temperature T to T + <IT, the 
amount of heat ctmsumed is C„ulT, where C,, is the molecular heat and is 
equal to A/c,,, M being the molecular weight. Tliis heating can be considered 
as taking place in another way; the substance may first be heate<l at constant 
volume with an expenditure of heat C’tpdT and then allowed to expand at 
constant temperature to the original pre-siire whereby an amount of heat 

™ dv d- pdv is required. Hence, 
dv 
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If we are dealing with a perfect gas, 


and so 



and 


dv _ R 

dr“ p’ 


C^-C,= R. 


( 21 ) 


Molecular Heat at Constant Pressure: The difficulty in determining 
specific heats of gases is due to the fact that the mass of a given volume is 
relatively small and a large volume of gas must he used to obtain accurate 
results. The ordinary method of mixture has been applied suece.ssfully in 
determining specific heats of ga.scs at constant jiressure. The metliod most 
generally used consists in passing a known volume of gas heated to a definite 
temperature through a colder calorimeter and measuring the heat liberateil. 
Dolaroche and Berard ‘ first used this method but Hegnault ’ elaborated it, 
paying much attention to details. He was the first to iditain satisfactory 
results. Wiedemann ’ further improvcil the calorimeter by decreasing its 
size and obtaining a much (pucker heat exchange between the gas and the 
walls of the vessel by filling the calorimeter with metid turnings. Ilolborn 
and Henning,^ using this method, measured the specific Inait of air, nitrogen 
and carbon dioxide up to 1400° C. The following table gives the specific Inait 
of air at varying temperatures by .several observers. 


TAIiLt: Vlt 


Si’Kfinc Hi \t »»k .\ih 


® (’. 

KrmiiiuU 

ifflt'inmin 

0 

0.1h70 

0 l'.).^)2 

100 

0 2iir. 

0 21it'.) 

200 

0.2;{1K) 

0 2.5S7 

400 

— 


CAM) 

— 

“ 

m) 


— 



. 


llnilioni mill Austin 


(►2n2H 

0.2101 

0 2r>()2 

0.207K 

0.2Hl.'i 


A method already mentioned, due to Callendar, has been developed by 
Scheel and House * which gives the specific heat over a very small temperature 
interval. The gas at a definite temperature flows into the calorimeter, is 
heated electrically and the rise in temperature measured by a resistance 
tlicrmomctcr. 

* Ann. Chim., 85, 72 (IHl.'i). 

* Memoirci df dc Frann'. 2ti (lSt»2). 

* Pogg. Ann., 157, 1 (lS7t»). 

« Ann. Phynk, 23. 809 (1907). 

'Ann. Physik, 37. 79 (1012). 
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If i is the current, E the potential difference across the heating coil, dT the 
rise in temperature of the gas, Q the rate of flow of gas in grams per second, 
J the mechanical equivalent of heat and Cp the specific heat of the gas, then 

Ei = JcpQdT + hdT, (22) 


where hdT is a term representing the heat losses. By experimenting with 
two rates of flow and adjusting the current to keep dT constant, the second 
term can be eliminated and Cp determined directly. Scheel and Heuse give 



the following figures for the molecular heat of dry, 
COi-frce air at atmospheric pressure. 


T Cp 

20“ C.6.98 

-78 7.05 

-I8.'t 7.,'i2 


Molecular Heats of Gases at Constant Volume: Joly ' 
has developed a method for determining specific heats 
of g.ises at constant volume; a metal vessel is suspended 
from a balance in a cavity through which a rapid current 
of steam can be admitted and its weight is determined. 
Steam is admitted and condenses on the cold vessel until 
it is heated to 100° C. Since the whole space is filled 
with steam, there is no heat loss and the amount of 
water conden.sod is a measure of the heat necessary to 
bring the vessel from its initial temperature to 100° C. 
If the vessel i.s first evacuated an<l then filled with gas, 
the difference between the two increments gives directly 
the quantity of heat necc.ssary to heat the enclosed gas 
to 100° G. 

Kucken ’ has used a slightly different method for work 
at low temperatures. Here the method is very accurate 
siuee the heat capacity of the vessel itself can be made 
very small; the vessel is heated electrically in a vacuum. 

The Ejplosidii Method: Bunsen, in 1867, first used the 
explosion method for determining specific heats at high 
temperatures. The combustible gas and oxygen are 
mixed with various indifferent gases, exploded in a closed 
bomb and the maximum jjressure of the explosion nieas- 


Fio. 7. {’iiiitinuous tired. From this, one can calculate the maximum tem- 
How Cnliirinictcr tor |x,raturc attained and hence the heat enpacity of the 
Holt™'*"'"* gaseou.s mixture, since the heat of reaction is known. 

Pier * and Bjerrum * have been recent workers in this 


> Phil. Trant., 182 , 73 (1892). 

^ Sitl.-hrr. prertss. Akcui. Wirs.. Ml (1912). 

»Z. Eleklrochcm., 15 . 537 (1909); 16 . 897 (1910). 

‘ Z. phyaik. Chem., 79, 513 (1912); 87. 041 (1914). 
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field. Pier showed thet previous workers luid fulled to measure the muxi- 
inum pressure and he develojjed a .sensitive membrane manometer consisting 
of a very tliin steel plate with a high |)erioil of vibration. The deformation 
of the plate by the explosion could bi^ recorded i)hotogra|)hieally. The chief 
source of uncertainty in results of explosion experiments lies in the estimation 
of the heat loss while the maximum |)ressure is being attained. Prom the max¬ 
imum pressure E of the exphtsion, the temperature can be ealeulated by the 
equation 

= (2;t) 

1 i 

where Ti and T-i are the initial and final teniperafure^, p the initial ]m>Mire, 
and € the ratio of the number of molcculc.s before to that after the explosion. 
Pier found, between 0° and 2300^ (\ -- 2.1)77 for arKon. In the following 

table, the moleeular heats at eon.stant volume of a few fjase.s are Kiven. 

'iWBLK VIII 
C, mit Sk\ kiui. (Usi H 


Cu.s 


Argon ... 

N,. Oi, HCI. CO 

CU . 

COj. SOi . 

(CjHt)jO ... . 

At low temperatures, Kiieken ■ fijund, for liydiajgen, 

r° K. = 35° olJ° hO" IU(J° 273° 

C, = 2.‘W ;).t)l d.ll 3.12 -t.S-t 

and for helium 

T" K. = 1S° 22° 2(i° 30° 

e, = 2.00 3.00 3.10 3.10 

Indirect Methods for C..' Since the direct determination of C, f.ir gases is 
very troublesome, several indirect methods have been worked out that give 

satisfactory results. The ratio of ^ can be deterndned .lirectly and several 
C tt 

methods of attack have been employed. 

Afeihod oj Clement and Dhonnea: * The i?as under consideration is placed m 
a large container at a pressure whicli is slightly greater than atmospheric. 

• aUz.-ber. preuts. Akod. IFwa.. M4 (1912). 

*Jour. de Phyt., 89. 321, 428 (1819). 


'rfinp. in ° 



100° 

200° 

1 r»oo" i 

1200° 

2.98 

2 9.S 

2 '.♦S 

2 9S 1 

3 0 

•1.90 1 

•1.93 : 

Ti.iT ; 

r, 3.'’> 

1 

5.8.> 

O.ss 

{■, 12 

0 30 

0.9 

o.so 

7.13 

S .')3 

13 

11.1 

32 

32 1) 

II.O 
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The container is opened for a moment so that the internal pressure drops to 
atmospheric and then is quickly closed. While the gas in the container was 
expanding, it cooled slightly and on warming again the pressure increased to P^. 
Let Pi = P + Pi and Pi = P + pi, where P is atmospheric pressure and p, 
and pi are small compared to P. If V is the volume of the container, then 
the amount of work done by the escaping gas is I'(Pi “ P-i). This work 
was done at the expense of the heat content of the gas, since we assume that 
the expansion takes place ndiabutically. The amount i° which tiie gas cooled 
during expansion can be calculated from the eipiation 



since the pressure rose from P to P + p,, while the temperature changed from 
T - I to T. The heating is done at constant volume so that the amount of 
heat consumed is 


nC,l ■ 


IIT^'^ It 


(25) 


Since this quiintity is equiviilent to tlic work done l)y the gas on expansion, 


Vi ^ 

(2G) 

But wo have shown that 

Cp - = H, 

so 


Cv pi - p2 


(27) 


By working with a largo volume of gas and a small pressure dilTorenco, it is 
possible to minimize very greatly the loss of lieat due to conduction during 
the expansion; the chief difliculty is in securing a (piick equalization of pressure. 

A soinesvhat better method is due to Luminer and Pringslieim.' They 
filled a vessel of 90 liters capacity with a gas at known temperature and at a 
pressure which exceeded atmospheric. Tlio excess pressure was allowed to 
blow off througli a large orifice and a complete equalization with atmosplierie 
pressure was ensured. The temperature of the gas was now determined again 
quickly by a platinum resistance thermometer of very fine wire placed in the 
center of the flask. Since the process is adiabatic, 


n \Pt) 


(28) 


* WM. .4nn.. 64. 582 (1898). 
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'I hi'v obtained the following values; 


Glia y (las y 

Air.•*. 1.402G GuriKm tlioxitlo . l.‘20Gr> 

Oxyaen. 1.3977 Hydnini.ii.l.iosi 


The Method of the Velocity of Sound IfocM; This mi'fliod ili'jUMids on inca.s- 
ui'i'iuents of the velocity of sound in gases. 3 ’Im' velocity i>f transmission rd 
sound V in any gas is given by the cx|)iossiou 


V = 




where d is the density of tlio gas. 

The ratio of the velocity in two gases, both at the same in-essnve, is 


If, 


Ire/; 

're/. 


( 20 ) 


(30) 


or, since, at constant iem|ierature, the densities are proportional to the mo¬ 
lecular weights, 

.'■V-s (31) 

'r;W. 

The ratio of the velocity of sound in any two gases can be determined very 
!ic(!urut('ly by ii ineihod dovcloix’d by luindt.' 


B 


_a: 




1 


c 

0 




Ip 


Fhj. S. Kundl's Tul«- for Mi-ttMinnii Vclo. it\ td Sniiiul iii ii Giw 

The tube (1 in Fig- 3 is fitted with a idiinger B ami a glass rod I). A small 
amount of lln.dy grouml cork or lykopodium powder is sprea.l in the botton. 
and the tube filled with the gas under cousidi'ration. A piece of moist cloth 
is rubbed along the tube D. causing it to emit a shrill note 1 he ga.s m he 
tube takes U]) these vibrations and the war es are made visible b.v the powder. 
Ity moving B up and down tlie tube a position is foiiml where the stationary 
waves are sharply defined and by measiiiing the distance between two nodal 
points a quantity I i.s obtained wbich is direetlv proportional to the velocity 
of sound in the gas under consideration. 

The value for y in air has been found to be 1.103. When I for air has been 
determined by tliis method, it is [lossible to deterniine y for any gas. 

Mid 


y = 1.403; 


2».0(.A 


1 Pom- Ann.. 127, 497 ( 1 »«C); 135. 3.37. .327 (ISOS). 


( 32 ) 
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where U and U are the nodal distances for the gas and for air under the same 
conditions of temperature and pressure. 

The following table gives values for 7 for a number of gases. 


TADLK IX 


Cp 

-« y Foil 

Hubstniicu 7 

ArKoii. 1.00 

Mercury. 1.00 

IfydruKcn.1.41 

Chlorine. I.IIO 


KVKKAL Oahks 


Substmice 7 

Nitric oxide . 1.40 

(Uirbori dioxide. ... .. 1.20 

Kfher.l.OC 


Specific Heat of Liquids: The specific heats of liquid:^ and solutions have 
been determined witli tlie aid of the continuous flow method of Callendarand 
Ikrncs and also by measuring the heat rise in a Dewar vessel when the system 
is heated electrically. The difficulty of the latter method i.s in determining 
the heat capacity of the calorimeter. Richards and Rowe ‘ have measured 
the specific heat of hydrocliloric acid solutions, using an adiabatic calorimeter. 


TAIJLK X 

SpKciFie Hkatm ok HyuiunHLomc .Solutions 


romposition Cp 

of Solution 

HCl + 1011,0 .. . 0.7r)2 

“ +20 0.H40 

“ +25 0.S77(1 

“ +50 0.0:i2() 


Coinpositifiii Cp 

of Solution 

IK’I + 10011,0. . . o.oim 

'• I 2(M) .0.0,S12 

“ + 41)0 O.ODOr* 


Goodwin and Kalmus ’ have measured the apceific heats of a number of 
inorganic salts at a temperature just above tlioir melting point. 


T.viil.H xr 

MltLAR IIkat (‘apaittiks ok FuhKI) SaI/I'S 


Salt T®(\ 

KNOi.;iOH 

NaNOi. -m 

AkNO*. 250 . 

Ag('l.455 

AgBr. 4:10 

PbOl,.49S 

PbBn.488 




0 


18.5 

i4.:i 

33.7 

28.0 


For liquids wliicli, for other rea.sons, arc believed to be composed of a single 
molecular species, the specific heat usually ri.ses with increasing temperature; 
in the case of liquid sulphur, Lewis and Randall ^ observed, Iiowever, a great 
rise at 160® C., wliich they accounted for as due to tlic transition from Sx to S^. 

• J. Am. Chem. Soc.. 42. 1621 (1920). 

*PAy«. Re9., 28. 1 (1909). 

* J. Am. Chem. Soc., 33. 476 (1911). 
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TABLE XII 

Specific Heat of Liquid Sui.ruuii 


Tpnip. rp Temp. 

100° C. ... 

140 . . ().•-»•) ;u«) _ 

100 0.4.‘) MX) _ 

180 0.2H 


0.27 

0.27 

0.2S 


Specific Heat of Solids: Tlie specific heat of solids at 
room temperature can be readily Hetorinined by heatinj^ 
the substance electrically in a Dewar vessel, usiiiK a bath 
liquid that does not react with the solid. The accuracy 
of this mctljod depends on the relative heat capacities of 
the substance and the calorimeter. 

White ^ has deterininod the mean specific lu'at of 
platinum and some silicates between 1500° f'. and room 
temperature. The material was heate<I in an I'fi'ctric 
furnace and then drojiped directly inlo the calorimeter, 
lie used a.s irreat a t<*m])eralure rise as 25° C’. in ^onic of 
hi.s experiments. 

Harper* gives a complete resume of the \\ork dom; on 
the specific heat of copper and uses a vacuum method in 
his experiments with the cojiper serving a.-' it^ own calo¬ 
rimeter. 

A large amount of work has been lione on I lie vari;i- 
tion of the specific heat of solids with Icmperatun' at low 
temperatures and Nernst'* has given a fairly coinpii'ti' 
account of this work. 

The Copper Cnlorimcier: The copper calorimeter was 
developed first by Nern.st, Koref, and Lindemaiin.* Jt 
works on the priiiciide of a mixing cidorimeter witli a 
well-insulated copper block K in a Dewar vessel serving 
as the calorimeter. TempiTature elutiiges are measured 
by thermoelements 7 one end of which is placed in the 
copper block K, the other in the copper cover <'. Ihe 
tt'holo ajjparatus is covered with a thin eopper slmeting 
and irnmerseil in a eonstant temperature bath, llie .sub- 
.stance whose specific heat is desired is introduced at a 
known temperature through the tube R and the tempera- 


'7777m 


N 




\7rh77?. 



I'Ki. y. (Dipper 

Ciiloririiotcr for Hpe- 
ojfic Heat 


'Am. J. Sa., 28. 334 (llXX)). 

* Bull. Bur. iS'faiMiar</s, 11, 2.VJ (H>14). 

* Grundlngcn <ics ireuen WiirmfisiilzM. Knapp. IDIS, .Sen nlan T. Eatmc-hcr, Hiinimlung 
Cheni. Vortrage, 20. 3.M (19H), alan, Chapter XVU. 

* Sitz.-ber. preuse. Akad. H'lsfl., 247 (IttlO). 
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turc change determined. Koref ^ has made a number of determinations, using 
this method. He finds that it works quickly and accurately with a properly 
constructed calorimeter and that, for determining small amounts of energy, 
it is preferable to the ice calorimeter. Magnus ^ has used the same method 
for determining specific heats up to 730° C., employing a large copper block 
so that his percentage heat losses were smaller. The method, however, only 
gives average specific heats over a range of temperature. 

The Vacuum Calorimeier: The principle of the vacuum calorimeter is that 
the substance itself serves as the calorimeter; a measured quantity of heat 
en(;rgy is Huj)j)lied and the temperature rise measured. Several forms of this 
calorimeter have been developed for low tem¬ 
perature work.® In the usual form, the same 
wire is used for heater ami resistance thermom¬ 
eter; at liquid hydrogen temperatures this has 
proved im})raeticable so that Schwers used a 
thermoelement, (libson and (iiaque ^ have used 
tills method and modified the calorimeter slightly. 

A diagram of the apparatus is shown in Tig. 
10. The calorimeter C consl^'ts of a thin-walled 
co])per vessel in which the .substance to be meas¬ 
ured is placed. It is wound with silk-covered 
copper wire whicli serves l)oth as heater and ther¬ 
mometer. The whole is coated with shellac and 
covered with gold foil to cut down radiation 
corrections. The calorimeter is suspended in a 
massive copper cylinder li the inner wall of which 
is a thin copper cylimler on which is wound a 
thermometer heat(T of the same description as 
that used for the calorimetiT. The leads from 
tlie calorimeter have a large insulated surface of 
contact with the cylinder to prevent heat leak¬ 
age from outside into the calorimeter. The cyl¬ 
inder in turn is suspended from a vacuum-tight 
container A. The whole is iilaced in a Dewar 
vessel containing the cooling liquid; for the 



for SpccifiP Heat 


riiiiRO 70°-ir)0° K., liquid nir is use<l, l(i()°-200° K., carbon dioxide-other 
mixture nnd for 200°-270° K., carbon tetrachloride. The Rreut heat capacity 
of the copper cylinder cause.s its temperature to remain practically constant 
even with a difference of 80° between it and the bath. 

The following table for glycerol glass illustrates some of the values obtained. 


' Ann. phi/nk. 3«. 49(1011). 

' PhuM. Z.. 14. 5 (1913). 

•Eurken. PhuM- Z., 10, 5S0 (1901)). Palliticr. Z. EUklmhrm.. 17. j (1911). N’crnsl 
and Schwers. prcuss. Akad. U’m.. 355 (1914). 

*J. Am. Ch(m, 5w.. 45 . 96 (1923). 
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TABLE XIII 


Hkat Capacity of Amokphous Olyckuol 


Temp. * K. 

Cp per jrram atom 

Trmj). “ K. 

Cp per Kram atom 

70.2. 

. 0.731 



03.9. 




122.0. 

. 1.123 



153.1. 

. 1.330 



179.8. 

. 1.022 




Typical data for atomic heats at various temperatures are niven in Tal)!e 
XIV. 


TABLE XIV 

Atiimic Hk\th \t T-ow 'rK\ii'm\ieuK!4 



° K. 

1 

Cp 

SiKor .... 

35 

I ..^S 


s.") 

4.12 


120 

5.20 


200 

5.7.S 


2S0 

0.01 

1 

300 

0.21 


Ciil'jx'r 


° K. 

fi¬ 


K. 

3,1 1 

ll 


2.1 

KS 

3 3s 


M) 

120 

L.'iS 


120 

200 

.5,11 


2<HI 

2S0 

5.S0 


2S0 

3tU) 

0.02 


31U) 


In Tabic XV the mean atomic heals of various silicates are Riven. 


TABLE XV 


Mk\n Atomic JIkms or Simcmk.-' m’ Diiiphi'M' 'I’fMi’FUA'notKM 



0° 

100° 

300° 

100° 

' 

500'' 

(100° 

7tKE 

soo" 

9(«l'' 

1000° 

Silica jjla.ss 

.3 .33 

1 0.5 

1.9.5 

.5 17 

.5 3.5 

5.1H 

5 .5K 

5 OS 

5.75 


(Quartz . . 

3.37 

l.l 

-.1, 


5 9 


5.10 

5 .5s 

5.(.0 

5 72 

.\iiorlhilo 

.3 74 

1,.39 


5.13 

.5 .5 S 

5 (.9 

5 .S2 

.5 95 

0 91 

0.11 

Microclitic , 

3 01 

1.27 

.5.09 

5.30 

5 17 

.5 01 

5.72 

5,79 

5.S0 

5.92 


Hkat ok CoMHUSTION 

A great deal of work has been done on lieats of combustion since this is 
practically the only reaction in organic i-heinistry whicli takes place smoothly 
and quickly without any disturbing side reactions, a necessary^ feature in 
thermochonncal investigation. The combustion tako.s ])lace in excess of oxygen 
and carbon dioxi<le and water are the u^iial (uid products. The heat of com¬ 
bustion is determined at constant volume so that to determine A// the quantity 
AnRT must be added to tlie observed value, An being the number of molecules 
produced less those consumed. 
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The heat of formation may be calculated from the beat of combustion by 
subtracting from it the sum of the heats of formation of the carbon dioxide 
and water resulting from the reaction. For the combustion of sucrose, 

CiillnOu + I 2 O 2 = I 2 CO 2 + llHjO; AH = - 1,350,000 cals. 

Tlie sum of the heats of formation of the carbon dioxide and water gives AH 
= — 1,875,300 cals., so that, for the reaction, 

12 c + IIH, + 5§02 = AH = - 52,5,300 cals. 

The heat of any dc.sired reaction can be calculated directly from the heats of 
combustion by subtracting the heats of combustion of the substance formed 
from those for the substance.s which disappeared. For the reaction 

CjHiOH + C,H,COOIt = C.H.COOCjH, + H.O, 

we can calculate from the data in ensuing tables that AH = + 1200 cals. 
It is at once seen that this quantity is a difference between two very large 
quantities and is likely to be very greatly in error. 

Some very important results have been obtained from the heats of com¬ 
bustion of (lificrent allotropic modifications of the elements. When the three 
forms of carbon are burned in oxygen, the heats absorbed are given by the 
following equations: 

C (diamond) -f O, = COj; AH = - 94,300 cals., 

C (graphite) -f Oj = COj; AH = - 94,800 “ , 

C (amorphous) -I- O 2 = CO 2 ; AH - — 97,650 “ . 

It is thus apparent that the internal energy of amorphous carbon is greatest 
and that for tho reaction 

C (diamond) = C (graphite); AH = -1- 500 cals. 

Similarly, for other allotropic changes, the following heat effects have been 
observed: 

S (monoclinic) = S (rhombic); AH — — 230 cals., 

P (white) = P (red); AH = — 371 “ , 

O 2 = I 5 O 2 ; AH = - 3620 “ . 

Dickinson ' gives the following heats of combustion as standards for calibrating 
combustion bombs: 

Subslanro 

Naphthalene . — l,2.'n.<iOO :t 250 

Bonzoic acid. - 772,130 ± 125 

Sucrose . - 1.350.000 ± 700 

Richards and Davis * have measured the heats of combustion of several com¬ 
pounds with a high degree of accuracy. 

‘ Loc. cit. 

* J. Am. Ch«m. Sotf., 1500 (1020). 
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TABLE XVT 
Heats of Combustion 


Substance 

Sucrose. 

Benzoic acid . 

Naphthalene ... . 

Benzene . 

Toluene. 

Methyl alcohol 
Ethyl “ 

Propyl 
Butyl “ 

Isobutyl “ . , 


Aff 

. - 1.34H.400 cals. 
. - 77l,.>r>0 

- I,2;{1,000 

- 7si.s:.o 

- 

. - 170.lilO 

- ;I27.()I0 

- 

- 

- ().{7.140 


The heats of combustion of the hydrogemitod bonzonos are chamctoristic 
of the thermal behavior of aromatic compounds. 


T.MU.E XVll 


Heats of ('oMm'.si ioN of Benzene and Ih i>n<)-HKNZE; 


Substance A// 

lieiizene .... • -•77'.I.SOn 

Di-hydro-benzi’iie . . . SIS.OOO 

Tetra-h.\(lro-)>eiiz<‘ii(‘ . - as2.<Mi(l 

Iloxa-hvflto-l)enz«‘n<‘ .... - 0 :i.t. 2 OO 

Hexane. ..'.♦‘.M,2(>n 


I )ilTcT«'nc«5 

ns.200 

4>,«>i)n 

11,200 

.'■is.nnn 


The tran.sformation of bcnziuK* in(t) ibs first hydrogenation pnxluct is a<‘* 
coinpanicd by a mucli greater absorption of iieat than oeeurs in the sul>se(juent 
steps. 

From an investigation of a large number of aliphalie compounds Thomsen 
found that, for an increase of a Clf^ group in a liomologotis series, there is an 
increase in.tlie heat of eom))Us(ion of — L)/,.S7() cals. 


TMlLK Will 


A// nm SvHHMKD llYI)Ho<M(H<t,SS 

Substance 


Methane. - .tlu.siH) 

Ethane ... " ‘'-''"OO 

Propane. . :.27,.*>(«► 

Tetra-iiielh>l-nictliane.“ M I.SOO 


T.UtLE XIX 


Iii'Ti'a'ie III A// for <’Hj 

- l.'.S,2tH) 

- l.*)H,.'i00 

- i,'>s.e*oo 


A// Foil IBnZFNE and l)Klll\A1I\EH* 


Substance 

1 Heat of 

1 Vaporization 

A// (Li<|iii<i) j 

A// (Vaj,or) j 

DifTcrcncc 


! - 74W) 

! - 7SO.<M)0 1 

- 787,4(H) 

- 15.5,h(K) 

Toluol 

1 - 7000 

1 - 0;{.',.2(Mt 

- 043.2(M) ! 

1 - 1.54.7(K) 

Ethyl benzol. . 

. . ! - 8140 

- I.OhO.SOO 

- l.O07,0fM) 

! - 153,3(X) 

M-Propyl benzol. 

... 1 - 8020 

1 

- 1.214,000 

! - 1,23:1,200 

! 

i_ 


> Richartia and Barr>-. J. Am. Chau. Soc.. 37. im (101.',). Rich.ards and Davis, ibtd., 


i9. 341 (1917). 

8 
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The value of dAH lot an additional CHj in an aromatie homologous series 
is — 165,000 cals., so that this value is approximately the same for both 
aliphatic and aromatic compounds. 

TABLE XX 


Hkats of Combustion of Isomebic Octanes* 


Sulwtance 

Heat of Vaporization 

All (Liquid) 

AH (Vapor) 

n-optane. 

- 8120 

- l,.')00,50() 

- 1,308.600 

2 methyl heptane. 

~ 7880 

- i,:ioi.900 

- 1.309.800 

2.6 dimethyl hoxanc . 

- 7<V)0 

- 1,299.200 

- 1,306,900 

3.4 “ •* . 

- 7880 

- 1.299.700 

- 1,307,600 

3 ethyl hoxnno. 

- 7880 

- 1.298,300 

- 1,.306.200 



Mean 

- 1.307,800 


‘ Rirhimls ami Johmo, J. Atn. Chem. Soc., 32, 202 (1010). 


Thomson found from a study of the heats of coinl)uslion of the paraffins and 
olefines the influence of an additional carbon atom on the heat of combustion. 

TABLE XXI 


Heats or Combustion of Vaiuous Oibjank’ Compounds 


Compound 

Formula 

AH 

Difference 


CIL 

- 211,030 1 

- 333,3.50 J 

- 1«4,770 1 

- 2K6,160 1 

- 087,190 1 

- 807,0.30 1 

- 932,820 J 

[ 

- 121,420 


CjHg 

t. 


CHjCl 

1 

- 121.390 


CjHjCl 

f. 


C 4 H 10 


- 120,440 



i 

- 125.290 

Diallyi. 

caiio 

[. 





Fajans* has shown a possible method of calculating the energy values for 
the individual linkages in aliphatic hydrocarbons. From the work of the 
Braggs * on the X-ray spectrum of the diamond, we know that every C-atom 
is at the middle of a regular tetrahedron at whose corners are four other C- 
atoms and that all the linkages are similar. Thus, in the diamond, one has 
tetravalent carbon and the forces exerted must be similar to those between 
C-atoms in aliphatic compounds. 

The values obtaincil in combustion experiments can be considered as made 
up of several simpler quantities: (1) the energy of a carbon hydrogen linkage 
C-H (x), (2) the energy of a simple C-C linkage (//), (3) the heat of forma¬ 
tion of liquid water from 1 j;-atom atomic hydrogen and molecular oxygen (r) 

*Bcr., 53. 64.3 (1920). 

anorg. Chem., (K), 227 (1915). 
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and (4) the heat of formation of gaseous carbon <!ioxuIe from 1 jy-atom mon¬ 
atomic carbon vapor and molecular oxygen ( 2 ). For propane, 


For ethane, 


- 8^: -}- Sf - 2// + 32 = - 520.700. 
- Ci + Cc - 1 / + 22 = - 370,000. 


From these and similar equations a value for 2 — 2// can bo obtainoil, which 
amounts to — 08,000 ± 8000 cals, ami is comparable with the heat of combus¬ 
tion of the diamond, — 04,400 cals. This ^hotts that the energy <»f a C-C 
linkage in aliphatic hydrocarbons and in the diamond arc appnj.ximately the 
same. 

The value of (c) the heat of combustion of atomic Imlrogen can bo calculated 
fr(un the di.s.sociation of molecular hydrogen.’ A//= 81,300 ± 5700 cals., 
and the heat of formation of water from hydrogen ami o.xygen gas, AH = 

— 67,000 cals. Hence (y) = — 71,100 ± 2SOO cals. 

Fa] a ns 2 has diseiis.sed the methods for obtanung the heat of sublimation 
of carbon and has accepted a value of -f 2s7,000 cals, d'wo methods have 
been used for ealeulating this (juantity: one due to (’iruneisen,” based on a re¬ 
lationship l)otween speeifie heat and thermal expansitm, ami the other due to 
IjUinmer ^ who measured the efTect of pressure on the temperature of the 
positive crater of a earl)on am*. 1'here is >.onie iima'rtainty in this value as 
it differs greatly from that ealeuhited from tin* Nh'inst Ilejit 'rheorem. 

From the value 2 , the heat of combustion of monatomie carbon vapor is 

- 381,000 cals. 

The following table gives the heat of formation (d .some simple iilijdiatic 
hydrocarbons. 

T.MU.K .\XH 


IIkvts lie Imihm\tion or IIydkix \tiiii)SH 


Suhstance 

llcat of 
( 'otlll>II.'>tlOt| 

Ili-at Ilf 

I'oriiiatioii frotii 

DiaiiiiiiKl -1 II: 

HenJ. of 

i'oriiiatioi) from 
.\)niriK 

Mctliane 

- 211.000 

- is,nun 

- ms.noo 

Kthiiiic 

- 370.000 

- 2l,(MIU 

- s.3s,r)oo 

Propane 

- :.27,ooo 

- 20,000 

- 1.211.000 

KJhjIene . 

- 340,000 

Ifi.OOO 

- 720.0t)0 

J'n>pylene 

- 494.000 

•MKHI 

- l,(K».'i.0(H) 

.Xeelvlene 

- 312.(«M) 

.5r..0(H» 

- .*|99,000 

Allyicne , . 

- 472,000 

.') 1.000 

- 90!),000 


Ml forClIj 


- a7U.<HHl 

- a7a.o<K) 


- 370,000 


’ lyflDgmuir, Z. Ekklrorhitft., 23, 417 (1917). Isnaidi, 21, 117 (1915). I'rnnck, 
KnippifiR and Knurer. Verh. I), phyxik. (kit., 21. 720 ( 10 i 0 >. 

*Z. Phy$ik., 1, 101 (1920). 

* Verh. D. phy$tk. Gcs., 14. 324 (1912). 

* Vir/iu48iounff dcr Kokle, 1914. Sanmilung \iewc‘g. 



212 


A mEATISE ON PHYSICAL CHEMISTRY 


From thiK table, it is scon that the increase of a C-atom and 2 H-atoms to 
form a CU-i j?roup in different eoinpounds is accompanied by an approximately 
constant increase i?) heat content. For the C = (linkage, A// — — 252,000 
cals., and, for the (’ = (! linkage, A// = — 305,000 cals. 

(’otwderinK the two oxiiles of carbon as formed from atomic carbon and 
oxygen, 

(’ (vapor) + JOs = (!(); AH = — 314,000 cals. 

Ca+ JO, = CO,; A// = - 07,000 cals. 

Hence, the eiH*rgy change accompanying the combination with tlie first 
oxygen atom is imich greater tlian w’itli the sec*ond. 


Heat of Solution 


Hy heat of fioluUon one understands tlie amount of lieat (hat is absorbed 
when one mol. of a substance is dissolved in so large a volume of solvent that 
Ojrther dilution causes no further absorption of lieat. The lieat absorbeil when 
1 mol. of a substance is dissolved in a solvent to hirin a given solution is called 
the total heat of xoIuHoh. If, however, a small amount of sedute is addeil to 
a given .solution, th<‘ heat evolved per mol. is called the (xuhol heal of mluiion 
for that particular concentration. Those two (piaiitities are identical in very 
dilute solutions, but, for concentrated solutions, iliey may be vc'ry different 
from one another. 

In thermodynamic calculations the partial heats of solution are the (pianti- 
ties employed and the accompanying illustratitui will show how these (piantities 
may be derived from the total heats of solution which are tlie (luanlities usually 
found in the literature. 

Bronsted ‘ has measured the heats of formation of sulphuric acid .solutions 
from H,S 04 ami H,0 and givi's tlie following values. 



The third column gives the heat 
ab-orbed per mol. of solution formed. 
In Fig. 11 the heat of formation per 
mol. of solulion from acid and water is 
plotted as ordinate against the mol. 
fraction of acid as abscissa. A tangent 
to the curve is drawn at .Vi- = 0.50; 
the intercepts of this tangent on the 
ordinates xVi — 1 and X, = 1 are equal 
respectively to Tlx and //,, wliorc 



Fia. 11. llcut of .Solution of lIjSdi 


» Zs phijsik. Chan,, 68. 700 (1000). 


where lu and arc the number of inols. 
of water ami acid in any given amount 
of solution. To prove tliis relationship, 
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TABLE XXIII 


Heats of Solution ok Sulphuuio Acji) and Water 


Mol. Fraction 

Heut Fivolvcd 

A// per 

- - 

Mol. Fraftimi 

Unit Fvolvnl 

AW iM*r 

Acid— A'l 

per Mol. Afid 

Mol. Sohi. 

Anti Aj 

piT Mol. .Vt'itl 

Mol. Sola. 

O.OOOOM 

20.i;i0 

- 1.0 

0 10 

i.'i.OlO 

. ... 

- ir>ot 

(l.OOOH) 

20.1.j0 

- .1.2 

0.1.') 

14.170 

- 2127 ) 

U.tKK)24 

10.0<M) 

- 1 7.S 

0 20 

12.010 

- 2.")S.S 


lO.OltO 

- 0 1 1 

0 2.') 

ir.sso 

- 2000 


. 10,400 


0 :to 

10,710 

- .1212 

0 mm.r, 

IH.OOO 

- 11 .S7 

0 ;i.') 

0.0,’‘)0 

- 227K 


1H..J10 

- 2.{ 2 

040 

s.o;{o 

- ;u.V2 

0 «M)2r70 

IS.lOO 

- 1.') 2 

0.1.■> 

7.lkSO 

- 21.^)0 


17.7r.O 

- ss s 

0 .‘>(1 

0,7.{(> 

- :mr> 

0.01 

I7.»i00 

- 170 

0 .V> 

.'■).SH> 

- 210.') 

<K02 

17.d(i0 

- ;il7.2 

0.00 

4,s70 

- 2022 

o.o;i 

17.2(M) 

- .'ilO 

0 < ).) 

1,000 

- 2020 

0.(H 

17,000 

- 0S2.1 

0.70 

:i.2so 

- 2200 

o.or. 

10.!I00 

- .SI.') 

0 7.*) 

2,<;oo 

- lO.'iO 

t).or) 

l«i.7l0 

- I002.0 

(1 S(1 

1.070 

- I.'■)70 

0 r)7 

10.400 

- 1 l.VJ 2 

0 S.') 

1.120 

-- 1207 

o.os 

10,20(t 

- 1200 

0.00 

o:io 

- S27 

0.00 

1.').010 

- 1 m 0 

0 0,') 

I'.O 

- 427 


if. is !UM-«‘ssaiy to show (hat 

di{ on 

" " ~ ,1,1, ’ 


wlicrt' tho mol. frarlioii of arid .V. is ('(iiial lo 

Hi } ll-J 


II 


H 

Hi d H,' 


Siiiri' 


(33) 


( 31 ) 


whrro H is the Iioat roiifrni of a solution roiitaiiiiiin ii, iiiols. of walor ami Hz 
mol.s. of arid, 


i/ff _ ,1,1, 

H| + H. (H| + Hi)’ 


(3.5) 


ami ilX, = 
Then 


H;</hi ..... 

-if \vi. assiimr „ . roiislant ami vai v ,\ , liy varyiii)? Hi. 

(", + ii:)‘ 


. ,111 (III H ,111 , „ 

A ; ~ — ~ 1 + /(■ 

dA z (Iti, Hi + Hz alt. 


(30) 


Substituting this in the original r(|ua(ioii the result follows, 
shown that 


dll 

n, - - 1 - n, 

on I 


OJl 

diii 


It can also he 


( 37 ) 
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dll _ dll _dH ^ 

dNt dNi dui Onj 


( 38 ) 


Tlie quantity jh tlie partial heat of solution of water in the acid solution 

of mol. fraction Nt or the partial mohil heat cont<uit of the water in the solu¬ 
tion. Hence the intercept of the tanRent on the ordinate N-i — 1 gives the 
partial heat of Kolution of 1 mol. of acid in a large quantity of solution of mol. 
fraction JVj = 0.50. 


In a very Hiniilar nmnncr tin? hriit (*fT(*ct wh<‘ii ono mol. of solution of romposition Nt 
«" U.2U Ih addend to a liirtO' umvntity of <’oiiiponitioti Ni >=■ O.riO cun l>e dctiTinincd. The 
intercept of the ordinuto at jVj = 0.20 l)ctw<-<'n tin- curve und llu' lutiKimt to the curve nt 
Ni » (),f)0 KivcM the mciisvire of this heat elTcct. 'riiis can Is; shown as follows: 


0.2 inol. acid + l.ij. soln. (A'j « 0.50); • AW = 0.2Wj (A’j = 0.r»0), 

O.H mol. water l.«|. soln. (.Vi = (i.r>0); AW = O.HWi (iWt = 0..')0), 

0.2 mol. acid -1 0.8 mol. wafer; AW = W (.Vj = 0.20). 

1 niol. soln. (Nt *» 0.20) 4- hu- '«*hi. (Si =» 0..')0); AW = ?, 

? « 0.2/7* {.Vj « o.r>o) + 0.8/7, (S, = o..') 0 ) - w (.v, = 0 . 20 ). 


This corresponds to the intercept nmntioned ul)Ove. In Kcnerul when 1 mol. of sohition of 
coniposilitm x, is niixed with 11 lurne <iuniility of solutnm of cornpoHitnm r.. the heal effect 
is culculufod by dniwina iv tiuiKetO, t<» th<» curve ul r* and (h'fennminu the disfanci* from 
where this cuts the ordinuO' x, ti» the cuirve. 

If ono mol. of soluthm of <Munpi>sition .V* « 0.20 is imxed will, thn-e mols. of oomposition 
Nt " O.(M), the heal ofTeet can he <letermined in a .similar maiinei. 


0.2 mol, ueid + O.S mol. wat<‘r. 

3 X 0.0 mol. a<‘id -f- d X O.l niol. water; 
2 mol. acid + 2 mol. water; 

1 mol. soln. (.V* - 0.20) + d mol. soln.; 

? - 4W (iV* t)..--)!)) - W (.V* = 0.20) - 


AW = W (.V, = 0.20), 
AW - dW (.Vj = (MMI), 
AW - IW (.Vs = 0..->0). 
(,V. -- 0.00) AW = ?. 
dW (.V* = 0.00). 


In tho diagram the chord joining the points on the eurxe rorrespondinn to ,Vj = 0..'i0 
ami St " O.(M) is produced to cut the ordinate at .V* - t).20 and the di-tam-e lx‘tweeu this 
point and tho curve Rives the heat olTeet. 


Relative Nature of Values for Heat Content Used: II is the molal heat 
content of the solution when tho molal lieat eojittmts of the j)ure acid and water 
arc assumed to be zero and similarly 77i ami //j are tlie partial molal heat 
contents of the water and aeid in tlie solution referred to the heat content of 
tho pure substances as zero. 

Of course it is not necessary to make these particular assumptions con¬ 
cerning the position of the zero point on the diagram. We might have con¬ 
sidered the heat content of the system 8O3 + HoO as zero when W* =* 1, in 
which case the zero or base line of the curve would be displaced to 20,400 on 
the ordinate Nt - I on the present diagram. The base line might even have 
been considered as drawn between the points giving the heat contents of the 
elements from which the water and acid are formed. Lewis and Randall * 
> Thermodynamica. McGreW'Hill Co., page 88. 
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use as their base line the heat contents of the substances in infinitely dilute 
solutions. Fig. 12 sliows the positions of tliose various base linos with reference 
to the curve. It will be seen from the above discussion that the absolute 
values assigned to the various pciints is of no inijiortnnee since we are dealing 
solely with AH which is tlie difference between two //’s. The ))articular values 
assigned to the various points have no physical significance since we are unable 
to determine absolute values for the heat content of any substance. 

Calculation of Partial Molal Heat Content for the Solvent when that for 



plotted a.s ordinates against as al)- 
dao 

scissffi. The negative value of the area 
under the curve between A’l = 0 and 
A'l = A'/ gives the difTercncc between 


I-’ui. Vi Heal Content Suliihuri<‘ 
SolutioiiH Rofcrn-<l O) Viiryina Initial HtatcH 

I. iiml ItmulaU r<*fiTonf<* stiito 

II. Curt’c for solution 

III. Heat roiit«*nt water and will refer- 
onre state 


..,.--- X- _ 'V. u™t content sulfur trioxidc and 

the values of ™ for A 1 = A 1 and A . = reference state 

^ , .* . • I # V. Heat content elements reference atate 

0. To determine a scries of values of 

, it is necesaarv t<t know from experiment the limiting value of --ns A^i 
dn, ‘ dni 

approaches zero. 
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Broiistod gives a series of values for ■-— for sulphuric acid solutions of 

dni 

varying strengths and these are given in Table XXIV. These results are 
plotted in Tig. 13 and the value.s for the area determined by counting squares. 



I'i. PiirlinI Moliil llvul, (‘oiilfiit, of Sulphuric Acitf in Atpioous Solutioiisi 


TABLE XXIV 

Baiitial Moi^ai. Hkat CfiNTicNT OF Sui.niiiuic Acid Soi.utionh 


Mol. I’VitrfitiH 

Acid— N-i 

Ni 

0// 

Ohs 

Mol. I'mctiou 

Acid— j\'i 

A'j 

Af, 

OH 

dnt 

().()(M)1 

_ 

.0(M)1 

- 20,0.50 

0.4.5 

.SI8 

- 2000 

0.01 

.0101 

- 17.2.50 

0..50 

1.00 

- 1800 

O.O.'i 

.0520 

- 10.070 

0.55 

1.22 

- non 

O.OS 

.0S70 

- 14.2W) 

0.00 

1.5 

- 070 

0.10 

.111 

- 12.070 

O.rt.5 

l.HO 

- 400 

O.!.-) 

.175 

- lO.KOO 

0.70 

2.55 

- 200 

0.20 

.2.50 

- 0,010 

0.75 

5.00 

- 175 

0.25 


- 7,520 

0..S0 

4.00 

- 102 

o.ao 

.420 

- 0,250 

O..S5 

5.07 

- 64 

o.:i5 

..WO 

- 5,070 

0.00 

0.00 

- 47 

0.40 

.000 

- 4,1>10 

0.05 

19.00 

- 28 


Table XXV gives tlie values obtained between the different concentrations. 
Column 2 gives differential values for between concentrations that differ 

SIf 

by 0.05 fro!n one another. Column 3 gives values for at varying values for 

aaj 

d II 

Ni, assuming a value of — 8350 cals, for — when .Vj = 0. Column 4 gives 

dui 
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Bimilar values calculated by Bronsted and Column 5 values determined experi¬ 
mentally by Rumelin.' 


TAHLK XXV 

Heat Content Data kou Si’Lnn iuc Ann S.>n Tic»Nrt 


Mol. Fraction 
Acid—.Vj 

DifFerontial 

Value, ^ 

, dni 

on 

-- (calc.) 

OtlX 

on 

— (Br<,ii>'fc'd) 
Ohi 

on 

— (Ilnniolln) 
Orii 

0.95 j 

200 

~ 8101 



.00 1 

124 

- 789.') 



.85 1 

IKl 

- 7771 



.80 

24.8 

— 7587 



.75 

3:10 

- 71.19 



.70 


- 7(M)0 



.05 

,15.1 

- OtilO 



.00 

017 

- *1281 



.55 

811 

- 5000 



.50 ; 

97.1 

- 4,8.55 1 

- 18.50 ! 


.15 

801 

- 1882 

- 1880 


.40 

ti20 

-KM 

- 1000 


..15 


-2101 

-2170 


.;w 

190 

- 1901 

- 1910 

- 1810 

.25 

111 

- 1110 

- 11.50 

- 111.5 

.20 

191» 

- 970 

- 1000 

- 9K.5 

.15 

297 

- .577 

- 580 

- <110 

.10 


- 280 

- 280 

- 275 


In tlie following table some valtie.s for lieals of diliilion ar<‘ given for nitric, 
hydrochloric and oxalic aci<ls. 


TABLi; XXVI 
of l)M,rnoN 


Mols. Water jier 1 Mol. .\cid 

1 IIXI). 

' IB1 1 

c,n^o* 

1 

- 1110 

1 - 5,170 1 

+ ‘lf,2 

2 i 

- 4800 

- 11..100 

+ 1.50 


- 0700 

- 14,91)0 ! 


H 

- 7220 



10 

- 7270 

- 10,100 


20 

- 7100 

- 10,700 

- 171 

50 


- 17.I<H1 

- 27H 

100 : 

- 7210 

- 17,200 

- 115 

200 

- 7180 


- 375 

300 


- 17,KH) 



> Z. phytik. Chem., 58. 449 (1907). 
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For gases, the heat of solution AH is negative, whieh is also true, as a rule, 
for liquids; for solids, it may be either positive or negative. The explanation 
of this is simple: if one assumes that AH is always negative for a gas, then the 
sign of AH for a liquid depends on whether the heat of vaporization is greater 
than the heat of solution and for the solid state on the difference between the 
heat of sublimation and of solution of the corresponding gas. 

Thom.sen ‘ pointed out that, as a rule, the heat of solution of difficultly 
soluble substances of similar chemical properties is greater the more insoluble 
the substance is. 

The heat of precipitation is the negative value of the heat of solution. 
Table XXVII gives values for the integral heat of solution of a number of 
metallic compounds. 

TAHLE X.KVU 

ISTKOltAL ilKATS OS SOLUTION SOU MkTAI.LK' COMPOUNDS 


ftulmtimoo HtO per Ai/ 

Mol. Salt 

Lion.40() - 5.«(K) 

NaOH.21M) -9,900 

KOH . 2r»0 - i:i,m 

Ba(n*.4(M) 2,100 

Ha('lj2Il20.400 4,9(M) 

KcClj. HfhO - 17.9(K) 

. 400 - 2,750 

CaBr,.4<H> -21.510 

(•allnflUiO. 100 1,100 

ZnS()4. OKI - 1H.400 

ZnSOJIIjO.4(M> 4.200 

Oa(NO»)3. 4(M) -3,950 

rK(NOi)j4a3().4(H) 7.250 

raS()4. « -4 4(K) 

('ftS042Uj(). « 3(H) 

Call.4(M) - 27,700 


Coniparinp: the heats of solution with one another, it is seen that anhydrous 
salts which can be in equilibrium with their saturated stdutions at room temper¬ 
ature usually dissolve with an absorption of heat wliile anliydrous salts which 
form hydrates at room temperature generally dissolve witli evolution of heat 
since their heats of liydrntion are generally very large. 

Thennochemlstry of Electrolytes: When one mixes two dilute salt solutions 
and a precipitate is not formed, there is usually no heat effect. This is tiie 
so-called Law of Therinoneutrality of Salt Solutions. Tliere are a few excep¬ 
tions to this rule where an unionized salt is produced by the reaction 

2KC1 aq + Hg(N 03 )iaq = 2KNOaaq + HgCbaq; A/f - — 12,400 cala. 

The difference between the heat of formation of two salt solutiona having 
a common ion depends on the nature of the two other ions and is indci)€ndcnt 

»J. jmiW. Chem., (2) 13. 241 (1876). 
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of the common ion. 

JH,+ ia + nq= HClaq; A//= 

+ ^I« + aq = Hlaq; A//= 

iCIj + HI aq = + HCI aq; A/f = 


39,320, 

13,170, 

26,150. 


K + |CI, + aq = KCl aq; AH = - 101,170, 

K + il.+ aq= Klaq; A//= - 7.5,020, 

fa + KI aq = ih + KCl aq; AH = - 26,1.50. 

When the Iodide ion i.s replaced by nldorine in a dilute aqueous solution 

forming iodine, one always ob.serves the\iine heat absorption. This does not 
hold for the replacement of the iodine in KIOj by chlorine .since this is not an 
ionic rbaction. 

The heal of‘neutralization of a strong acid by a strong base has ai)proxiinntely 
a constant value independent of the acid or base used, as is seen from a glance 
at Table XXVni.‘ 

T.Mil.H X.XVIII 
Hk.\T8 ok Nkutk\mz\tion 
Arid and liiv^o 

KOII lui + HC'l n<i. 

NaOH lui 4- HCI a<|. 

IdOH a<i + Hf’l ati. 

KOII iiM + HNOi ail 

NaOlIaii + HNOaat,. 

JdOH a«i + ilN'Oj ai|.. ... 


- lii.a'.):) 

- i;{.7«M) 

- l.i.fifM) 

- i.’i.Tor, 

- 

- 


The explanation of this striking regularity follows at once from the Iheory 
of electrolytic dissociation. According to this tlasjry, the only reaction taking 
place is due to the combination of the hydrogen ion of the' acid with the hydroxyl 
ion of the base. 

11+ + oil- = lIjO; ah,.,). = - 13.700 cals. 

If the acid or base is only partially dis.socialed, the heat elicct accompanying 
its neutralization with a completely ilis.soeiated base or acid corresponds to 
the heat of neutralization pins the heat of dissociation of the acid or base usetl. 
In the following table are given values for the heat of neutralization of weak 
acids with sodium hydroxide. 


T.tUI.K XXIX 

Heats of NEVTitALrz.TioN of Weak Ai o.s with Sohiom Hvhhoxihk 



Hciii 

Hf'ilf of 


. - 1.4,4()d 

- :m 

Dichloracctic. 

. - 

1 l.'io 

PhMphoric. 

.. - 14,WO 

11.10 

Hydrofluoric. 

... - 10,270 



I Richards and Rowe. J. Am. Chem. ■'ioc., 44. (W-t (102Z). 
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If a dilute solution of the salt of a weak acid and a strong base is mixed 
with a strong acid, the weak acid is set free and a heat effect is observed com¬ 
parable to the heat of dissociation of the weak acid. 

Thomsen mixed sodium fluoride and hydrochloric acid and measured the 
heat absorbed by the reaction 

NaF aq + HCl aq = NaCI aq -|- IIP aq; AH = - 2360 cals. 

This value is not very different from that given in the preceding table. 

When a formula weight of a di- or polybasic acid is neutralized in steps, 
the heat effects for the .succession! stagc.s are generally different. When phos¬ 
phoric acid is treated with sodium hydroxiile at 18° C., the follooving values 
are found; 

ir,PO, + NaOlI; Ml = - H,800, 

NaHjI’O, + NaOIf; Ml = - 13,000, 

NajHPO, + NaOH; Ml = - SOO. 


Heats of Adsorption and Wettino 

tSince the amount of adsorption increases rapidly with decreasing temper¬ 
ature, it follows from the van’t IlolT-I.e Chatelier law that adsorption must 
bo accompanied by a considerable evolution of heat. Favre,' Clhappuis,^ 
Mend, Ramsay and Shields,'’ Dewar,’ Titoff,’ Lamb and Coolidge,'and Beebe 
and Taylor ’ have carried out quantitative investigations on heats of adsorption 
of gases on solids, mostly starting with the solid in an evacuated vessel and 
admitting the gas to atmospheric pressure. These measurements of the integral 
or total heat of adsorption are comparable to a heat of solution. The dilTcr- 
ential heats of adsorption obtained over small pressure ranges are more suitable 
to theoretical treatment and can be likened to a heat of dilution. 

In the case where the weight of ad.sorbed substance is held constant, with 
varying temperature and pressure, the heat of adsorption (isosterie) corresponds 
to a heat of vaporization and can be calculated from the f.'lapeyrou-Clausius 

X 

equation. For a certain value of - (woiKlit of ntlsorbod sub.^tanco per unit 

m 

weight of adsorbent) tJiiTo is an equilibrium prcsMirc />. At a temperature dr® 

higher, for the .same value of — , the pressure lias ineroased to p + dp. The 
in 

value for the heat of adsorption is given by tlic eipiation 


A// 




(Hup 

IF 


* /tnw. Chim. Phys., (5) 1. 20*.) (1871). 
> Wied. Ann., 19, 21 (1883). 

» Z. phyHk. Chem.. 25. 657 (1898). 

* Proe. Roy. Soc., 74. 122 (19(M). 

*Z. phyaik. Chem.. 74. 641 (1910). 

•/. g4m. Chem. Soc., 42. 1146 (1920). 

’ J. Am. Ch«m. Soc., 46. 43 (1923). 


(42) 
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Now, 


. dlnp 


(IT 


I " (f - f loR P), 
luge 


( 43 )' 


whore the toinjioraturo coofTirionts of tho ociuation for tho adsorption isotliorm 


VI 


ap''” 


are given by the oquaticnis 


(I log (V 
~dT'~ 


and 





n 


(IT ' 


Hence, 


Ml - - f log p), 


m 


(4:») 


(40) 


(47) 


where p is expressed in oin. of mercury. Tliis equation lias beam tested l)y 
TitofF. Ho evaluated ^ and ^ througli ineasiirenu'ids of adsorption isotherms 
at different t(unperatures on coconut cliarcoal and del(‘rnnned the lieat of 
adsorption, using an ice calorimeter. Table XXX sliows the agreeineiit be- 

X . 

tween the calculated and observed value.s. For Titoff’s calculations - is not 

constant, but the change in it is much smaller than in p ami one can make a 
calculation employing a mean value of p. 


T.4BLE XXX 


IIb.\ts or .\dsoiiction on ('uakcoal 


(jIns 

!■ 

£ 

i A// (calc.) 

A// (obn.) 

Nitrogen. 

('arlMin dioxide 
.Aininonia .... 

O.Ul.%7 

(). 0 H 2 n 

0.02108 

0.00207 
(1.00177 
0.(M1087 1 

- ;i87.''> 

- (HKi 

- 77W 

- 4f>48 

- (WH 

- 7028 


The following table is due to Chappnis. 
• I-YeuMtllich, Kapillarclieniie, 1922, patje 101. 
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TABLE XXXI 

Hbath of ADHonPTioN ON Charcoal 


(lUH 

- Before 

-- After 
m 

p in Cm. 
Before 

p in Cm. 
After 

A// 

Heat of 
Li(iuefaction 

Air. 

0 

7.44 

0 

70.47 

- 2,400 


C(h . 

22.(5 

44.1 

8.22 

3(5.32 

- 7.3(M) 

- 6250 

NHj. 

lor) 

131 

12.25 

22.25 

- 8,100 

- 5000 

HOi . 

70 

00.(5 

7.0(5 

45.1 

- 10,900 

- 5600 

CIK’li. 

(52.2 

72.3 

17.48 

67.54 

- 10,700 



Variation of Heat of Adsorption with Pressure: As could be predicted from 
equation (47), the heat of adsorption decreases with increasing pressure. 

TABLE XXXII 


AimoriPTioN (tF Ammonia on Mkkr8<’haum at 0° 


p in 

Cm. 

— Before 
m 

— After 

7n 

AH 

Before 

Aft('r 

0 

0 

0 

24.2 

- 20,500 

0 

0.5 

24.2 

48.3 

- 12.700 

0.5 

3.71 

48.3 

72.3 

- 11,300 

2.93 

21.50 

72.3 

95.3 

- 8,970 

21.50 

57..56 

95.3 

117 

- 7.6(K) 


For adsorption of gases on indifferent sul)stanccs, the reaction concerned 
appears to be of a purely physical nature and the heat effect observed corre¬ 
sponds to the heat of vaporization and a heat of compression. It will be seen 
from Table XXXI that the heat of u(lsori)tion is greater than the heat of 
liquefaction. 

Dewar working at - 185® 0. measured the integral heat of adsorption of 
several gases on charcoal. 

TABLE XXXIIl 

Hkats op Adborption on Chaiicoax- at — 185® C. 


(Ian A// Heat of Liquefaction 

Hi. - 1(500 - 230 

Ni. - 308(5 - 1372 

Ar. -3(53(5 

Oi. - 3744 - 10(54 

CO. -3416 


Lamb and Coolidge, measuring the heats of adsorption for some organic 
vapors on charcoal, find a relation h = mar", where h is the heat evolved per 
gram of gas-free charcoal, x the number of cc. of gas adsorbed per gram of 
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charcoal, and vi and n constants for the vapor considered; n is found to be 
nearly unity, so that there is nn almost linear relationship between heat of 
adsorption and amount adsorbed. Assuming this to (■orresp<md to a heat of 
compression, they calculate a pressure of 37,000 atmosi)heres when 1 cc. of 
liquid is adsorbed by 10 grams of charcoal. 

Mond, Ramsay and Shields ‘ have measuretl the heat of adsorption of 
oxygen on platinum black and obtained a value of A// = - 17,000 cals, as 
compared with A// = — 17,700 cals, determined by Thonisi'ii for tlie reaction 

Pt +^02 + 1120 = PtfOII).. 

Beebe and Taylor determined the heat of adsorption for hydrogen on finely 
divided nickel and obtained values ranging from A// = - 14,300 cals, per 
mol. to A// = — 20,000, the larger value being for the poorer adsorbent. The 
differential heats of adsorption for hydrogen on nickel are constant f(>r the 
pressure range 0-700 mm., pointing apparently to a specific chemical action. 
A .similar value to the above is obtained from tlie adsorption isosteres for 
hydrogen on nickel.'* 


TWiLK 

.\l>.SOKl>TI<I.V ISOHTKUKM FnU Ihl>t{(KiKV OV Nk KJ'I, 


i\\ Hs Ad.sorbcd 


)'i 

\ 21S® 



isr ; 


0.7 

SS liltll. 



17 IIIIH. 

.5.1H 

0.1 

;n ” 



0 ■■ 

.5.00 

Av..., .5.4* 


Integrating the (lapeyron-C'lausius e<juatioti, we obtain 

Ml = 1.90 X 2.303 X X log • (4S) 

li - h Pi 

Insprtiiig the above values, wo obtain 

Ml = - 22,100 cals. 

Heat of Wetting: The lieat of wetting is tlie lieat alworlicd when a solid 
surface and a liquid surface are broiiglil togetlier. It i.s tlic same quantity 
as the integral heat of adsorjition of a vapor at its saturation pressure. Parks ’ 
has shown that the amount of heat ahsorlied is |>ropiirtional to tlie surface. 

' Z. phyaik. ('hem., 25, 0.57 (1K9S). 

* GttUger and Taylor. J. Am. CA<m. Soc., 45, 920 (1923). 

» Phil. M(ig., (0) 4. 240 (1902). 
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Schwalbe' has shown that the heat of wetting of hydrated silica is negative 
above 4° C. and positive below that temperature. These experiments support 
the idea that there is a distinct connection between adsorption and com¬ 
pressibility. (laudcclion^ obtained the data in Table XXXV for different 
adsorbents and liquids. The powders were dried at 100° C. 

TABLH XXXV 


Hkat ok Wktiino fou 1 G. Adsokdent in Gmam Calories 


Liquid 

Adsorljent 

Sugar f:har 

Alumina 

(jiiartz 

Water. 

- 12.0 

- 15.3 

- 3.9 

Mothyl alcoliol. 

- 11.0 

- 15.3 

- 11.5 

Ktliyl " . 

- 10.8 

- 14.7 

- 0.9 

Prupyl “ . . . 

- 10.2 

- 13.5 

- 5.0 

Amyl " . 

~ 10.1 

- 13.5 

- 3.7 

rorn>l(5 acid. 

- 12 

- 14.5 

- 12 

Acetic “ . . 

- 9.3 

- 13.5 

- 0.0 

Acetone... . 

- 8 

- 13.5 

- 3.0 

(^arlxui tefrachtoride . 

- l.H 

- 8.1 

- 1.5 


The action of water vapor on dried cotton wool * is very interesting. If the 
bulb of a thermometer be covered with carefully ilried cotton wool and then 
dipped in water at the same temperature, the thermometer will rise 8°-l2°. 

Heat or Coacjulation of Colloids 

The heat of coagulation of colloids or its converse, the heat of peptization, 
is the heat change involved in the subdivision of a solid to particles of colloidal 
size. If colloidal solutions are analogous to true solutions, this heat effect 
should be analogous to a heat of solution. Kruyt and van der Spek * found no 
measurable change accompanying the coagulation of arsenious sulfide hydrosol. 
Browne and Matthews * have measured the heat of coagulation of ferric oxide 
hydrosol of varying jiurity with different electrolytes. The heat effects ob¬ 
served are attributed to the action of the electrolyte in the coagulant upon the 
electrolytes, particularly ferric chloride present in the sol. With very pure 
sols the heat change is practically negligible: 1-2 cals, jier gram equivalent of 
ferric oxide; one can say that for ferric oxide also there is no lieat of peptization. 

>i>rud. Anr».. 16. 32 (1«05). 

rend., 157, 209 (1913). 

* Masson, Proc. Roy. Soc., 74, 230 (1904). 

*KoUoidZ.. 24. 145 (1919). 

‘ J. Am. Chem, Soc., 43, 2330 (1921); 45. 311 (1923). 
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Heat of Hydration of Gas Ions 

Born ^ has introduced a new thermocheinical ningnitiide which ho terms 
the lattice energy of crystals and wliich is defined as the energy necessary for 
the formation of free gaseous ions from crystals. He has calculated thi.s 
magnitude for a number of crystals from a know ledge of their molecular volume. 
Fajans^ lias shown that this complex (‘ffect may i)e considered as the sum of a 
number of simpler reactions. Introducing a new magnitude, the heat of hydrn^ 
lion of gas ions, he shows that the heat of solution of a salt is the difference 
between the h^at necessary for the dissociation of the crystal into free gas ions, 
i.e., the lattice energy, and the heat of solutions of these same ions in water. 
It is this latter quantity which is designated as tlu; heat of liydration of the 
ga.s ions. According to Fajans, one is to assume that in the solution tiu* 
gas ion the opi)ositoiy charged parts of tlic polar water junleciiles in its neighbor¬ 
hood are oriented towards the ion and they in turn act upon molecules farther 
away. 

K'*' (ff) + Gh' ig) = KOI (s) + U 

KOI (s) + aq _^_aq ±C\^ aq _ 

K+ (g) + Cl- (g) -b a(i - aq -b Cl' aq { U + L) 

where U is obtained from lattice energy data, L is the lieat of solution and 
(t/ _ 1 _ i) = where If is the heat of hydration of the gas ions. Fajans giv<‘s 
the following table of values for If for a number of alkali halides. 



TAllLK X.XXVI 

Suit 

IF»alt 

.Salt 

LiCl . 

- 187.000 

- 180,500 

- 1.59,000 

- 1.50,000 

- 1.51.000 

- 1.59,000 

l.illr - 17s ,000 I.il . 

N„Hr - . Niil . 

KPr - 1.7II.IK)I1 K1 

NaCI. 

KCl . . 

HbCl .... 
(’sCl. 

'FUJI. 


H’aalt 


- i.'*ii,()no 
-- lau.ono 


The values of W for the salts are purely adilitive rpiuutities, (lepeudmi? on 
the values for the individual kus ions, so lhat, if dilferenees arc taken for a 
series of salts for two metals with common eatinus, the saim^ values should he 
obtained. Table XXXVIl illustrates this. 


TAlll.K X.XWII 



Cl 

l(r 

■ I 

H’u^ - . 

W'n** - . 

- 2M,(KH) 

- 21,500 

.. ^ 

- 

-- 21,000 

- 29,000 

- 20.000 


* Ber. dftU. phyaik. Ges.. 21, 13 (1019). 

* Ber, deut. physik. Oea., 21, 519, 711 (1919). 
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Fajans * has developed another method for determining the differences 
between the lioats of hydration of two gas anions independent of the lattice 
energy cmiccpt. The method employed is illustrated by the following process: 


K (») + aq = K+aq + Oll-nq + IH, (g); 

AH = 

- 48,100, 

(a) 

11+ aq + OH“ aq = aq; 

AH = 

- 13,600, 

ib) 

K(») + H+aq + ^5H,(tf); 

AH = 

- 61,700, 

(c) 

K(f/) = KM; 

AH = 

- 21,000, 

W 

KMi;) + 0 = KM; 

AH = 

- 99,000, 

(e) 

M = HM; 

AH = 

+ 45,000, 

(f) 

H(9) = IIM(/) + G; 

AH = 

312,000, 

(s) 

whence 




K+ {i/) + maq=nU»)+KNiq; 

AH = 

175,000, 

m 

and since 




11+ (ff) +aq= 11+aq; 

AH = 

K n , 

(0 

K+ {g) + aq = K+ lui; 

All = 


U) 


equation (A) gives us 

Wn- - Ifn* == - 17."),000 cals 

Equations (a) atul (6) give the lu^at elToct of two reactions that take place in 
solutions, (<i) gives the heat of sublimation of potassium, (/) the heat of dis¬ 
sociation of hydrogen, (c) the heat eiTect correspoiuling to the ionization 
potential of potassium and (g) that corresponding to the ionization ])otontial 
of atomic hydrogen. Other reactions liave been worked out in iin analogous 
manner and the following values obtained: 

± 4000 cals., 

II'k' - == “ 6000 ± 4000 cals. 

These values agree fairly well w'ith those calculated from the lattice energy data. 

The values for the heat of hydration of individual gas ions can be calculated 
from a knowledge of absolute electrode potentials. Horn - has compiled a 
table for heats of hydration of individual ga.s ions. 

T.\BLK XXXVIII 


ItCATH OF 1 IyDH.\T 1()N OP (iA8 loNS 


loit 

Mi 

Ion 

A// 





.. . 

u* . 

... - lUMMM) 

. 

Cl-. 


Na*-. 

_ - KW.IXH) 

Hr-. 

_ - (vS.(XK) 

K*. 


1 - 

. - r)7.(xx) 

Rb^. 

.... - 7:i.(XK) 



* Ber. deul. jthytiik. Gru., 20, 712 

* Her. deul. physik. (Jt-a., 2t, (>7U (1919). 
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These values are, however, still tentative and much work remains Jo bo 
done in this field before completely satisfactory values are obtained. 

Heat of Evapouation of Klectrovs 

An isolated hot solid in equilibrium with its electron atmosphere is thosyslcin 
to be considered. There are » electrons per unit volume in this atmosphere, 
e.Kcrting a definite pressurt* p. Tin' relation between this pressure p and the 
temperature 2’ can be calculated from the .'iceoml law of Thermodynamics, 

|W= ^ (</(’ +f/ll'). 


The change in internal energy of the electron atm(>spbere is where 0 
is the change in internal energy of the .sy>t(‘m accomi)anying the transfer of 
an electron from the hot solid to the enclosure ami r is the volume of the en¬ 
closure. Hence, 






7 1 ^ / I ,n, , , 

V (h + T r a/ + puv 
dv dT 


Hence, 


and 


'.S’ _ 1 r ^ d(/(0) 
T I Ov 


I- a0 -f p 


d.S _ V d{n<t>) 

or~ T nr 

Since the entropy of the system is a c(nii|>Icti‘ difTerential, 


and 


whence 


3*.S' 

dV 


dTdv 

~ dnlT ’ 


d\S 

- _![ 


drdT 


dv 



d’S 



di'dv 


I r d(n0) 


1,1 ^»p 
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wlicrc e is the elemeiittiry chivrge of electricity. 

Uichardson and Cook ‘ have developed a metliod for measuring directly 
the quantity (t> which is the heat of evaporation per electron. The experi¬ 
mental arrangement, as given by them, consists of a Wheatstone bridge 
one arm of which contains the filament under consideration. A number of 
special precautions have to be taken to avoid troublesome dfsturbances such 
■ Fkil. MaO; 25, 024 (1913). 
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as the action of the thermionic current in upsetting Oie l)atanoo of the l>ritlgo. 
For full details the reader is referred to tlie original paper. 

In the experiments, the temperature of the filament was controlled hy 
the current in the Wheatstone bridge. The electrons emitted from the filament 
flow to the cylinder; by reversing the potential bet^^cen the filament and 
the cylinder, the thermionic current could be suppres^ed. If T and are the 
temperatures of the filament and leads res|>ectively, then the total loss of lieal 
from the filament due to the thermionic eurrent is 

n[0 + :n-(7’ - To)], 

where ^nkT is the kinetic energy of tin* oloctroii>. aftc'r h'aving the filament and 
]nkTo is that of the electrons flowing in from the leads. 

In carrying out the experiments the eurrent was first measured which was 
reciuired to keep the filament at a definite temperature with no electron emission 
and then the current determined to keeji the filament temjieratiire constant 
with tlic thermionic current flowing. 

Let R = resistance of tin* filament. 

}■ 3= current flowing through tin* filament with no ch'clron emission. 
i + di = current flowing witii electron cmissi<in. 

Then, 

H{{ + diY - /(*/'■’ - 21{i dl 

is the adilitional heat i<H|uircd to compensate for the heat lost hy emission, 
Kcjuating these two (luantitics 

2Ri <li = a[0 1- ]k{T - 7'o)J, 

in wliich all the Icints arc known (‘\ce)it <!>. 

'] able XXXI.\gives a .M’ries of values obtained when’ </> is expresseil in (upiiv- 
alent volts. 

TAIiLi: .\.\M.\ 


Sulihlaiiof' 

<> 

Tungsten 

\ \r> 

Tuiitaluiii 

•1.17 

Osmium 

i.a 

Molylxienum 

!'>} 

(’arlma 



The saiiH' authors have aNo developeil a nuUliod for iin’asuring the heat of 
eondeiisatiou of cleetniiis ' which can b<‘ iiseil for metals of low melting point, 
l)ut the probable errors are mu<’b larger and tin' results not so satisfactory as 
in the above. 


'Phd. May., 20, m (UHO). 
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THE LAWS OF DILUTE SOLUTIONS 

liY J. C. \V. FUAZlat, I'li.I)., 

Pro/iKnor of (’hcmulrij, Johtm Ilaphinn r/ni liitUitnoir, Mil. 


The present chapter is devoted to a eon^iileration of t)iose Kcneralizations 
which have been found to exist between tl»e magnitude of certain (collijrative) 
pniperties common to all solutions ami the efTect on (hes(‘ propiTties of ehaiiKitiK 
composition of the solution. While the relations that exi>t nnionn these 
properties for a given solution are such that, knowing tlie magnitude of one, 
under fixed temperature and pressure conditions, the othiTs may be calculated 
by the use of the principles of thermodynamics, ihi^ effect of changing com¬ 
position is much more complicated, and whili* thi* gmieral effect of changing 
composition is qualitatively the same in all cases, this effect is by no means 
capable of the same exact mathematical freatmenf as are the mutual relations 
existing among the other prol^crtie.^ of sniufions alludi'd to above. It will, 
therefore, be necessary to realize tliat tin' application of tlKTinodynamies to 
the colligative ]>roperties of solutions is capabh* of concise statement only in 
such cases whore the effect of changing composition on these properties is 
capable of (piantitative expression, i e., in (he case of the so-called “jierfect” 
or “ideal“ soluti<uis. 

A perfect solution is one in which the volume diaiige accompanying a small 
dilution is additive, and no effect is not eil of her t han (he alteration of the volume 
of the solution, similar, in a way, to the change of volume of a perfect gas when 
it expands into a vacuum. The absence of anv heat I’ffi'ct on <iilution is a goml 
criterion that a solution is i<leal. The <h‘viafi<m of a solution from ideality 
depemls on the nature of the constituents of the solution, tlie solute and solvent, 
and on the concentration of tlie solution. Increasetl ililution, in general, 
cau.ses all solutions to approach the iih^al condition, the nature of the eom- 
pomuits determining to what (‘xtimt ddution must b«' increased before* ideal 
conditions are realized. This range of conemifration over which the relatioiiH 
derived for ideal solutions may be expected to hold uill, tliereforo, vary with 
the nature of the individual substances eoiicernefl. In many cases, it will be 
found that perfect solutions arc not realized at greater concentration than 
0.01 M (in .some cases at much smaller concentrations), wliile for some, prac¬ 
tically perfect solutions may Ik* formed at much greater concentrations. In 
order to treat the subject in a general way, it will he necessary to limit con¬ 
sideration to jrerfect solutions, so that the pres(*nt chapter i.s limited to a <lis- 
cussion of dilute solutions formed when only two substances arc present in the 

2;ii 
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Boliition. In order to simplify the conditions as much as possible, it is further 
assumed that only one of these constituents is volatile and the vapor phase is 
composed of molecules of this constituent only. 

Definition: A solution is a one-phase system consisting of two or more 
molecular species not transformable one into the other. It is, therefore, a 
homogeneous physical mixture of the various molecular species in question. 
Not every pair of substances will form a solution to a noticeable extent when 
they are brought in contact, and the extent to which they will mix to form such 
a solution will vary greatly with the nature of the substances concerned. 
Further, as we shall see, the extent to which solution takes place is so varied 
that substances ordinarily considered insoluble will show, on close inspection, 
some evidence of solubility. Our ide.as of soluble and insoluble substances are 
therefore relative. For exam|)lc, water and mercury, when shaken together, 
will soon separate as a two-phase system and the mixture is not a solution. 
Water and alcohol, on the other hand, will form a single-phase system when 
they are mixed in any proportions whatever. These two pairs of liquids repre¬ 
sent qualitatively the extremes as regards solubility. Others, such as water 
and benzene, oceiqiy an intermediate position as regards solubility, and will 
usually give rise to a two-phase system. F.ach phase will be found homogeneous 
and will contain n measurable amount of each oonstitiient. One phase will 
contain a small amount of watc:r dissolved in a large amount of benzene; the 
other will contain a small amount of benzene dissolved in a large amount of 
water. Fach phase is, therefore, a solution according to the above definition. 
In most cases, especially solid-liquid mixtures, solution occurs only to a limited 
extent, as in the case of sugar and water, and the solution is said to be saturated 
(when this limit is reached). 

From the recent work of linker' it is not unreasonable to exiiect that solu¬ 
tion actually may take place to a limited extent in many cases where the sub¬ 
stances are usually regarded as insoluble, but the amount required to produce 
saturation is so small that it is measurable only indirectly by the change pro¬ 
duced in certain properties of the pure solvent. For instance, water is not 
regarded as soluble in mercury, but by taking extreme care to remove all traces 
of water from mercury, linker has found the boiling point of the mercury may 
be raised considerably above its ordinary boiling point. Wo should therefore 
realize that solubility is a universal property of all substances varying in extent 
from an immeasurably small, though effective, amount to an infinitely great 
amount. In general, the more closely the constituents are related chemically, 
the greater will bo their mutual solubility. However, this has no bearing on 
the definition of a solution ns given above. Mercury may not be capable of 
dissolving water to a measurable extent but the small amount taken up would 
bo a solution of water in mercury. In the same way water and benzene 
mutually dissolve to only a limited extent, giving a two-phase system, each 
phase being a solution. 

If tliis two-phase system water-benzene is shaken or stirred vigorously, 

1 J. Chtm. Soc., 121, 668 (1022). 
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the phases may be further di.>persed, but tiie result is not a homogeneous phase, 
nor do the benzene and water remain dispersed after agitation eeases; s(^para- 
tifui of the two original phases begins and the system soon returns to its original 
comlition with its two phases completely separated. In many eases, wlien two 
substances arc niechanically di^persed, separation is nuu*li slower and may give 
the impression of permanence; when tlu? dispersion is brought about under the 
proper conditions and to a suflieient extent, the separation (if the constituents 
of the mixture into two clear!}’ ilelined phases is so extiHurndy slow that tin* 
appearance of permam'iicc is very deceptive. Xevertheles.s, with sullicient 
time and care in the examination of such cases, it can usually be sliown that 
separation is actually in progress and the (lisp(‘rsion is not permanent. Such 
solutions arc known sometimes as pseudo-solutions or mort* g«‘nerally as 
“Colloidal Solutions." Such eases do not come uitliin the dennition of solu¬ 
tions given above. They are neither nmlccnlarly disjicrscd sy.stems nor 
permanent, and, hence, may not be treated in the .same CDinprehensive way as 
true solutions. In addition to the condition that a solution contains its con- 
.stituents molecularly disjior.sed as a homogen(‘ous jilnisc, the system once pro¬ 
duced is permanent. It will therefore form spontancoti.dy when the con.stii- 
uents arc brought into material contact. This is a fundamental distinction, 
since, like all processes which occur sjmntaneously without the apjilication of 
outside influences, it may be nnuh*, by use of a suitable nic(‘hanism, to yield a 
certain amount of uscdul work, or, converselv, such a solution having once been 
produced, a definite amount of work must lx* ex|*cniied to seiiarate its constit¬ 
uents. The calculation of the maximum work so obtainable makes possible* 
the application of thermodynamics to the stud} of solutions. This clearly 
differentiates .solutions from such colloidal solutions where the natural change 
is in the reverse direction. For «‘\ample. a colloid.al solution may be formed, 
but careful observation (color change. chang(“ of viscosity, etc.) shows that the 
system is undergoing change and, filially, f lie change progre.sscs to such a degiee 
that close inspection reveals a lack of homogeneity, ('olloidal solutions con¬ 
tain constituents highly dispcisi'd in one aiiotlar; tliey are not molecularly 
dispersed, however,' and an* intermediate bclwta'ii true solutbuis and coarse 
suspensions that are evidently lieterogencous. 

Heference has been inadi* al)o\e to the coii-tituents of a solution. Hy this 
term is meant any one of the pun: ch(‘imcal sulMances wlio.se moleeular dis¬ 
persion re.Milts in the formation of a solution. With ilie exceptions noted 
below, each cliemical substance furnislu's but one kind of molecule and tlie 
cou.stituents of a .solution indicate the ditfereiit molecular species which occur 
ill a solution. Associated substanccN, sucli as water, and many otl'er oxygen 
compounds such as the alcohols, are recognized as pure substances siiict*, while 
they furnish more tluin one molecular sjiecies (water, for example, being an 

' Ztggmondy’s colloahil gold llrl^ .xhown Pv .'<< lnTr(‘r {Kolhulrfmmic, ZsiKmoiuly, 
p. 405, Fourth Kdilioa. Leipzin, ingJy l« nui-c-t of juiriu-lcs coiiiairiiug 380 aUnuK. Hiedi 
I>artic]e8 are siuhII. viewed fnaii ilic ^l:ll^dpo^llt of colloid t-heiiusiry; they ur<5 cvideiilly far 
from being molecularly dispersed. 
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equilibrium of the molecular species HjO, (HjOla, (H20)s and perhaps others), 
this equilibrium is established so rapidly that there is no experimental evidence 
of water having variable properties under the same conditions. Such sub¬ 
stances are treated as pure substances having the molecular composition of 
the vainir phase; in the case of water, as being composed of HjO molecules, 
since tliis is the molecular composition of the vapor phase.' 

Classification: The three physical states of matter, solid, liquid and gaseous, 
which we have in the case of pure substances, extend also to solutions so that 
this subdivision of solutions is both natural and convenient. 

Gaseous Solutions: In the case of gaseous solutions the molecules are so far 
apart that, in the absence of chemical action, they are in most cases practically 
without inlluence on each other, us shown by the absence of heat effects on 
mixing and the relatively small effect when they are allowed to expand into 
a vacuum. Under such circumstances the physical properties arc related to 
those of the constituents in the simplest way. In the first place, owing to the 
small mutual attraction of molecules in the gaseous condition, gases mix in all 
proportions to form true solutions. It is not surprising to find that in gaseous 
solutions each constituent retains its physical properties unchanged and most 
of the physical properties of such solutions are therefore additive and may be 
cxpres.sed simply as the sum of the magnitudes of ciich constituent with respect 
to the property in question. 

Thus, if we consider the magnitude P of any such i)ropcrt,v of a gaseous 
solution, it may be simply expressed as follows: 

P — PhaNa + PaiiNii 

where Pca, Pen, • ■ • are the magnitudes per mole of the gases A, li, ••• and 
Na, Nil, - • • arc the moles of the individual molecular species .1, H, ••• present 
in the solution. Dalton’s law of inirtial pressures is an illustration of the 
application of this relation. Other physical properties may be similarly ex- 
presseil. The properties of gaseous solutions may be treated satisfactorily by 
the application of the gas laws and the above relationship. 

Solid Solutions: In certain cases two solirls may form physical mixtures 
that are homogeneous and therefore must be classed as solutions. As examples 
of this typo of solution there are certain mixed crystals and certain alloys." 
Kquilibrium in such systems is reached with great slowness and, consequently, 
measurements are made very uncertain on acct)unt of the uncertainty as to 
what represents the true state of equilibrium. The laws of solutions may be 
applied here only as an approximation. The same is true to a large extent in 
certain cases of liquid solutions with high viscosity. 

Liquid Solutions: Liquid solutions are by tar the most important as most 
chemical reactions are brought about in liquid solutions both in the laboratory 
and in nature. An enormous amount of work has been done in order to gain 
a knowledge of the physical behavior of the constituents of liquid solutions as 

' > Kendall. J. .4m. Chm. Soc., 42, 2477 (1920). Mcniics, ibid., 43. S51 (1921). 

•vun't Hoff. Z. ykyailc. Ckem.. 5, 322 (1890). 
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this must form the basis for the interpretation of the conduct of these con¬ 
stituents under all circumstances. Practically all that follows is therefore 
written from the standpoint of sucli solutions. 

Composition of Solutions: Mention has already been made of the constit¬ 
uents of a solution, meaning thereby the ehemical substances the internungliuK 
()f whose molecules forms the solution. Thus, sugar, when brought in contact 
with water, dissolves and continiu's to exist as sugar in the solution, from which 
the sugar may be roeovered unchanged. Sugar ami water are here the coastit- 
uonts of the solution and the molecules of sugar and tiie im)lcculcs of water 
arc the molecufar components of the solutiim. An arbitrary distinction is 
nearly always made between the constituents, eliieily on aeeount of the fact 
that in most cases the soluljility is limited, d'lms, in the (’ast* of sugar and 
water, solution will take ])laco only to a limited extent and the s<»lution is then 
said to be saturated. When this occurs, there will be an excess of water in the 
solution but little if any of the water will dissolve in tl>e exeess sugar. Water 
is said to have a solvent action on sugar and water is refernal to as the solvent 
and .sugar as the di.s.solved sul)stanc(‘ or solute*, d'lu'se terms an* used in this 
way generally for solutions formed from Hepiids and cither gase's or solids, the 
liquid constituent being termed the solvent and (he other constituent the solute. 
In many cases, especially when dealing with two liquids, the di?*tinetion is 
quite arbitrary. For example, water and alcohol mix in all jwoportions and 
the distinction between solute ami solvent might lx* reversfxl or lose its signifi¬ 
cance. Again, two liquids, such as Ix'ti/cene ami water, form two layers in 
which the relative quantities of the two constituetds are reversed. In such 
ea.ses the solvent i.s usually the constituent present in larger (piantity. This 
distinction of solvent ami solute is largely for convenience as there is no theo¬ 
retical distinction, except that, in dilute solutions, tlic solvent is practically a 
continuous phase in whicli tlie ^olut(• is molceularly dispersed. Wo could 
therefore distinguish the two constituents of a solution on this basis as the 
continuous and dispersed constituents. 

Method of Expressing Composition of Solutions: Tlie early method of ex¬ 
pressing composition in terms of the percentages by weight of the variotis 
constituents of a solution, though convenient for analytical purposes, is never¬ 
theless unsuited for theoretical considerations. As we shall .see later, the 
properties of .solutions wliicli we ^hall eotjsider are det(‘rmincd, not by the 
relative weights of the substances pre.^etit, but ratluT l)y the relative number 
of molecules of the coimtituonts present in the s4ilntion. Such properties of 
solutions have been designated l)y Ostwald as colligative pmpertics. It is 
therefore evident that the logical and convenient method of expressing the 
composition of a .solution is in terms of gram molecular weights or moles. This 
method of expressing compositiem shows its value, as we have seen, in expressing 
the physical properties of ga.se(nis solutions. The mol-fraction method of ex¬ 
pressing the composition of solutions is explainable as follows: if a solution is 
composed oT Na gram moles of constituent A and Nn gram moles of constituent 
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B the mol-fmction for the constituent A would be -— -—r- and for the 

Na-v^r 

Nr . Na 1 Nr 

constituent B, ; —-tt- expressions and -- - --— are 

Na 4- Nr Na + Nr Na + Nr 


usually written Xa and Xr respectively. Xa and Xr arc then the mol-frac- 
tions of the respective constituents, or tlie amount per unit of solution. The 
amount of a substance may be expressed in moles, equivalents or formula 
weights p(ir liter of solution. Another system cxi)resses those same quantities 
in terms of 1000 grams of solvent inst(;ad of 1000 cc. of solution. Concentra¬ 
tions expressed in terms of 1000 cc. of solution and using the above methods 
of expressing the amounts of substances are known us molal, formal or n()rinal 
concentrations. When 1000 grams of solvent is made the basis of calculating 


concentration, we have the composition expressed as weight-iiiolal, weight- 


formal or weight-normal concentration. 

The method of expressing the composition (d solutions in terms of molal 
concentrations would be prcferal)l(‘ provi(l(ul we had a satisfactory kinetic 
expres.sion for the colligative properties (jf solutions; while there undoubtedly 
is a kinetic basis for these phenomena, it has not yet been possible, owing to 
the complexity and changing nature <if solutions witli changing conditions, 
to obtain a genera! kinetic expression for the behavior of solutions. The effect 
of composition of solution on the colligative properties can be be.st expres.scd 
as a function of tlu‘ mol-fraction composition, and, for this reason, tins method 
of expressing the composition of solutions is used in the following discussion. 


Colligative Puopeuties 

L(‘t us now consider the interrelationsliips existing l)etwcon th<* various 
colligative ])roperties of solutions—vapor pressure, boiling ])oints freezing 
points and osmotic pressure. The quantitative relationship existing among 
tliese properties is, us stated at tlie Ix^ginning of this cliaptcr, such that, starting 
with an expression for any one of them, we are able to d(Tive «;xprossions for 
the others. Those expressions, including the effect of comjiosition, cannot all 
bo derived on a jmroly tlierinodynumic basis. Wo must start with some 
empirical fact (the experimental basis of wliieh, however, leaves us no concern 
as regards its validity), on the basis of which we derive an expre.ssiiui for tlie 
property in question and from which, in turn, we are able by purely thermo¬ 
dynamic reasoning to devidoj) the expressions for tlie other j>ropertics. Tlie 
development of a tlicory of solutions begiius with tlie work of van’t Hoff * who 
indicated the analogy existing between the laws of solutions and those of gases. 
The existence of this analogy has leil to the conception of a kinetic basis for 
the treatment of the subject which we shall first consider. Though van’t Hoff 
merely indicated the kinetic origin of osmotic pressure in a qualitative way, 

‘ Z. physik. (TAcm.. 1. 181 (1887): Ostwold’a Khwsiker. No. 110; J. H. vjiu’t Hoff, Seiii 
Lel)eii und Wurkeu, by K. Coheii, Leipzig, 1912: Ber.. 27. 1 (1894). 
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a complete kinetic theory of dilute solutions has been developed hy other 
investigators,' 

In the following section we shall disen.ss the elementary considerations of 
the laws of dilute solutions. 

Vapor Pressure Lowering: If we consider a liqidd and its vapor above it, 
there must exist a definite relationship betwei'u the distribnlion of any delinite 
molecular species between the two jihasi's, liipdd and vapor. Sji,,.,, tiy. pressure 
of a gas is proportional to the number of particles present per unit volume, the 
vapor pressnre.of a liipiid due to any molecular species pre.sent will be [iropor- 
tional to the number of particles of this molecular species present in the liipiid. 
lOxprcsscd mathematically, 

p = iro, 

i e., the vapor ]iressnro of a liipiiil, p, is proportional to .r,,. the mol-fraetion of 
the liquid existing in the form of the moleeular speeii's wliieb gives rise to the 
\apor pressure, p. If we eousidi'r a pure liipiid in which the same moleeular 
species exists in both tlie liquid and vajior pha.se,- this fraction .t„ becomes equal 
to unity, ami k, the proportionality factor, equals the vapor [iressiire of the 
|)ure liquid which we may express by /i„. Our equation then becomes 

p = Porn, 

wliich is the simplest expression of Itaoult s law ' for \apor prcssuri' lowciing 
and .states that the vapor pressure of a solution is proporlioiial to the mol- 

fraetion of the solvent present in the ... .\s is evident from the above 

considerations, p is the vapor pressure due to a delinite moleeular species 
present to the extent of the fraction .r,, in the solution and does not imbeale, 
for example, the xa|ior pressure that would result if the molecules of Ihe 
solvent in the vapor pha.se were dissociated. Snbtraeling both sides of the 
above eipiation from po and dividing liy this term, we obtain the expression 



X 

A () 4' A 


where / will be the mol-fraetion of the solute present in the solnliori. Ihe 

term, .V, refers to the moles of solute pie-eiit, haling Ihe mi.. weight of 

the solute in the solution, wliile V„ is the number of moles of .solvent present 
having the molecular weight of the solvent in the vapor state. 

Henry’s Law: Raoidt's equation developed above deals with the vapor 
pre.ssiire of the solvent oniv. We have, by a more general applieatnm of tbe 


1 I,. Boluniiuin, Z. MleoP. rVem . 6, 174 l isllll,. 7, .KK (IWH). b. iceke itirf., 6, ,.04 
(psiim H .X. [.oreali,, ,(.«/. 7. .wi ISO], , I,. Nalaie.ai, . 30. IWl (mail). M. He.nK..na,„, 
aimiiMwIin/l, Leinoa. I'lOl, H J-ieaer. H o.,. /Or.. (11,0 22, 070 (101:1,; 1’. I,an«evi,i, 


./. C/ioii.10, 521 (1012). . , , , , 

-■In the ease ot a solve,,, hke water, where we have „„ e,|i„lll,r,i,n. in the liq.,,.1 plllise 
l„-,wee,i the moleeular .specie, ns re|,res™,e.l l,v the relntio,, (11.0). ^ (11,0). 

,1 c,n„ lie shown. Iron, the ma.ss liCot, l.iw. lhal the none relalmiishlp 1 « true. 

• Kaoult, Cem/.l. raid.. 104, 14:11) ( 111 ''?); Z physik. Cliim . 2, .i.t.1 (It-Mi). 
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principle underlying Raoult’s law, an expression for the vapor pressure of a 
volatile solute (gas) in a solution, which expression is known as Henry’s law. 
This law states that the vapor pressure of any chemical substance present in 
a solution is proportional to its mol-fraction or 

p = ki, 

where k is a proiiorlionality constant Since the vapor pressure of a substance 
is merely a measure of its concentration in the vapor state, we can express 
Henry’s law for dilute ; obit ons of gases in liquids in the form' 

c/p = k, 


which states that the distribution of a gaseous substance between the liquid 
and gaseous phases is a constant. In this equation, c represents the concentra- 
/ . N 

tion of the dissolved substance I since - for very dilute solutions is 

V JVo + Af 


substantially equal to —or the concentration c 
No 

corresponding to this concentration. 


)■ 


and p the vapor pressure 


Hrnry’ft luw Ihim Ixwn riKidly investiKUtct! over a wide pressure raiiRO to determine the 
extent of its applicability.’ Suckur and Stern have shown that in the case of enriwn dioxide 
in various orRanie liquids the behavior of the dissolved carbon dioxide ia more nearly in 
accord with the ideal laws than that remaining in the ruscous condition. In cxprcssinc 
Henry's luw, it has also been found that a Rrealor constancy of the coefficient, k, is obtained 
if we use Ostwald’s coefficient for exjiressinK solubility. In this systeni, wc express k as 
the ratio of the concentration in the solution and in the gas phase, employing data for the 
density of the solution. 


Distribution Law: An expression for the distribution of a substance between 
two non-misciblc solvents can be derived from Henry’s law. If a substance 
whoso concentration is Ca in the liquid A has a vapor pressure p, then according 
to Henry’s law 



V 


Similarly, if its concentration in the liquid li is Cii, since the partial pressure 
p must be the same over both phases. 


and 


Cb 

V 


k. 


Ca _ ki 
C B ki 


‘ Sander. Z. phyaik. Chm., 78, 5ia (1012). Sackur and Stern, Z. EUklrochcm., 18, 8-11 
(JOli). 
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which states that the distribution of a substunce hotwccMi two iion-iiiiscibU* 
Solvents is constant, at any definite teinporiUure, ri'f<:ir(lle>s of the initiiil con¬ 
centrations employed. 

This same relationship also follows from the perpetual motion principle 
which may bo applied by a con>idoration of the conditions shown in the ac¬ 
companying diagram (Fig. 1). If wc have two immiscible litpiids, A and li, 
in which a volatile substance is dissolved at some 
definite temperature, the partial vapor pre^'‘>ir(‘ of 
this substance must, at equilibrium, be the Name 
over A and li, for, otherwise, perpetual motion 
would result by the movement of the vapor from 
the region of higher to lower vapor )>^e^sm•(’ wiiere, 
due to the disturbance of the exiting eqniliiu-ium, 
it would dissolve, pass into the seeoml lupiid and 
so maintain a difference in vapor pre>Mires. IN'r- 
petual motion being assumed, a'* a result «tf exjieri- 
ence, to bo impossil)le, the vapor pres,sur(' of tlie <lissol\(‘<l substance’ mu.st, 
therefore, be the same over l)oth li<pii<!'<. 

Thi.s method of proof, due to Oslwald. ran lie similarly applied to a great 
number of other ease’s. In general, it can l)e’ a]>plied to show that if any two 
phases arc both in equilibrium with a third phase, tliey are in eepnlilfrium with 
each other. 

Hy a similar eonsideratiem, (Ktwald ha^ ^Imwn tl.at osmotic i)re’.ssure must 
be independent of the type of m('mi)rane used, regardle'ss of the mechanism of 
tlic process of osmosis. 

As is evident fre)m its me'thod of d('ri\'ation, the* ndalionship, — A. foi 

the di.slribution of a sul>stanee hctwee'ii two |)ha~e‘s. .1 ami It, is only valiel if 
the sul)stance has the same moleeiilar striicturf in Imlli jtliases. If, liowever, 
it exists a.s the simple nioleeiile, M, h'r example, in (he pliase . 1 , and as an 
associated molecule (.!/)„ in tin- plia^e li, a eorrespomling relation can be 
derived. 

If we represent the proeevs of a^socl,■ltioll by llie equation 
II M = {!/).. 



it follows, from the mass action law, that 


Wn 

(.V)" 


K 


and 


(. 1 /) = 


#■ 


If wc then express the ciincontriition cif lh<' Mihstanee (.'/) in terms of its 
associated form (.l/)n, we obtain 

r, 
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where Ca will be the eoncontration of the non-associated form in the phase ,| 
C/i the concentration of the substance in tile phase B, where it is associate,I 
anil has a molecular weight ii times that in A. (Joiiibining the two constant.^ 
wo obtain 



which is our ilesireil relationship. 

Raising of the Boiling Point: 'i'he boiling point of a li(pli(^ being defined as 
the temperature at which its vapor pressure equals the ojiposing [ire.ssure of 
the atmos[)here, it follows that the boiling point of a pure liquid must be raised 

by the addition of a non-volatile solute, 
since this brings about a lowering of its 
vapor iircssure. We can derive the rela¬ 
tion between this increase in boiling point 
with dcci'easing vapor pressure by consid¬ 
ering the olTect of temperature on the va¬ 
por pressures of solvent and solution as in 
the acconqianying diagram in which the 
curves AC and DO (congruent for dilute 
solutions) represent the change of vapor 
Temperntiire pressure, with temperature, of solvent and 

e .solution res])octively. The absciss® of 

the points Ii and K will be their respective 
boiling points, under a pressure, /*„, equal to 700 mm. of mercury, which wo 
shall denote by the symbols 7',, and T. Considering the geometrical rela¬ 
tionships of the figure over an infinitesimal range, in which ca.se the curves 
may be treated as straight lines, we have 



BE _ i> 
BK ~ 7 ^ 77 , 


tan / BKF ~ slope of curve DC. 


Since the curves may bo cousidered as parallel over a siiudl range, the fraction 
j', _ y, slope of the curve .tC. I'.xtiressed in terms of dilTerentials, 

this givi's 

dp» ^ Po - p 

d/'o T — 7'o 


and, substituting for /lo — /i its value p^r in llaoult's equation so as to intro¬ 
duce the elTect of concentration, we obtain 
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AT = «„x = «„ 

uhioli, for dilute solutions, becomes 


■V 

A 0 4' A 


Ar= 

A 0 


Tliis equatioii states th;>t tlie vU*' in hoilini; puint nf a M>lutioii is proportional 
(o the inol-fracti^)n of solute ])i‘eM'i!t. Tin* eonsiaip ktoiwn as ilu' lioilinp- 
point constant, represents the relation between I lie \apnr pressure of tlie solvent 
anil the change in vapor pressure of the solvent with lemperature and may be 
calculated from these, or from its ('(piivalent in the approximate ('lapeyron- 
Clausius’ equation 

ii'i^ ^ in\;' 

f//)o A// 

7'o 


in wliieli Ml denotes tlie molal li.'at of vapori/ation of (he soheni at its boiling 
point, To. /foidso denotes (he boiling-point iise per mole of solute in one mole 
of solvent and may thus be dirertly detiuniiiied. liisti-ad of lliis constant, 


the molal boiling-point constant which 
diieed by 1 mole in UHHl grams of sol¬ 
vent is usually recorded and used in 
the literature. 

The Lowering of the Freezing Point: 

The fact that solutions (sea water for 
example) freeze at a lowi'r tem|)era- 
turo than the pure iiipiids has long been 
observed, lllagden ‘ first showed that 
the lowering of tlie frei'Zing ])oint was 
jiroportional to the coneentration and 
thi.s relationship is therefore* refern*d 
to as Illagden’s law. Just as in fin* 
case of the boiling point, wi* can ariive 
at a relation between tlie vapor pre^- 
.siires and freezing points of solvent^ 
Rnouit relation between vapor pressure 
the lowering of the freezing jioint in t 


i■r^ In I lie ri'c 111 Dolling point, pro- 



liii. a 


,nd snliidojis, and, by applying the 
lowering ami coneentration, express 
erms of the concentration of the dis¬ 


solved substance. ^ i • i .v 

The freezing point of n >oluti»u i. .Icfincd tl,»t U-mperature at which the 
solid solvent can exist in equilibrium with the solution. If we represent the 
change of the vapor pressure of a pure liquid solvent, solid solvent, and ,ts 
solution as in the aoeon.panying diagram (Kig. :i), we ran derive a relationship 
<Phil. Tra,,.,.. 78, 277 (I7SM. 0-l»,,W., Kh.-iUr, No. .511 (W. laiHmaim. rW,„,i8. 
1894). 
t) 
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gcomotricjil c(Hisi<leriiti()ns ns wiis done above in the case of the boiling point 
AS rej>rosonts tlie vapor pressure of pure solvent, CD that of the solution in 
which the miilc-Fniction of solute is x and AE that of the solid solvent. > The 
iritcrscctiim piiintu, A and C, of the hist curve with the others are the freezing 
points of solvent and solution respectively. 

It is evident from geometrical considerations of the figure that’ 


Po - P. ^ 3P.„„„ 
To - T dT 


( 1 ) 


where 


d P,.,ii.i 

OT ’ 


the slope of the curve for the solid solvent, gives the change in 


vapor jirossure of the solid solvent with temperature. Also, 


P - P< ^ ^ 

To - T dT 


( 2 ) 


dP 

where 

dT 


the slope of the solution curve, give.s tiie change in vap*r 


pressure of the solution with change of temperature. If we assume that the 
vapor pressure curve.s for solution and liquid solvent are parallel, i.e., 


dP dP 

-dnliim _ nidwi't 

dT or 


wc obtuin, by subtraolitiK (2) from (I), 

. r . 

n-r dT dT 

Ill ordor to dorivo ;i rolatifin between the freezing-point lowering and mole- 
fraction analogous to the relation for tiie rise in boiling point, we must apply 
the approximate (Hapeyron equation, whicli gives tlie (‘xpressions for the 
temperature coefheients of the vapor pressures of the solid and liquid solvents: 

_ MI,P 
dT HT^ 

where A//, is the molal heat of vaporization of the solid solvent, and 
dT RT- ’ 


where A//i is the molal heat of vaporization of the liquid solvent. Hence, 

df ntklld _ ^ (A//, - AUAP 

dT dT HT‘ 
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where All, — Alfi will he the mohd heiit of Alio, of the solid solvent. 

We may therefore write equation (3) ns 

n - p _ 

To - 7’ “ Ii¥' ' 


l\-I\ 

Suhslituting for —~— it-’ value in the Raoult eqiialion, we obtain 


7 0 - 7’ = —77 .r or - AT - k^-r, 

Alio 

which is our desired v<'lationshijf. 

Osmotic Pressure : The [irocess of osmosis was lirsi observed by Abln'* 
Nollet,' who showed that if a sitlution of suffar be placed in a vessel whicii is 
closed below by an animal membnyte and dipp(‘d in a \es,sel of water, the latter 
will <liffuse through the membrane and cause the solution (o rise in llie e<in- 
taining vessel. The phenoimMiou'niay lx* illustra|4‘<) bv tlie use of (he apparatus 
shown in the aceompanyiii}>; diatjram (Ki^. 1). A (ilas.s vi'ssel .1 wliich has a 
long narrow tub<' atta<-he(l to if ('a Ihisth' tube ser\es the 

purpi'so) is closed at the bitttom by a pica.. parchment 

paper, (', filled with a sugar solution and siipporljal in a 
V('ssel of wat<T. d'ln* column of li<((jid in IIm* tube, />, will 
be seen to risi* until the hydrostatic prc-siirc pro<lueeil jus| 
counter-balances the force tending to cau-e water f<» miter 
the vessel. This pressure is kmtwn as llie osm*»tie pres.<uie 
and is eauseil by the fona' teri<ling to l)ring about 
equilibrium between (he pun' soheni and .s(»)ution 
which in. the ab^'iHa' of a nu-mbraiie n'sults in 
mixing by dilTiisioii and the produ«'tion of a homogeneous solution. Osnmtie 
pressure is, then, tlii' exec's pressure which must be put on a solution 
to bring it into ('qnilibrinm with the solvent, lletween 1S2() and IS-IH Du- 
troehet • and Vierodt ^ made some (pianlitativc measureniciits using jugs’ 
bladders as semi-permealde membranes and first recognizeil the significance of 
o.smotie pressure in j)hysiol<»gical proce.s.scs, Moritz TniuKV following the 
analogy in Indiavior shown liy (Iraliam ^ to exist between animal and colloidal 
substances, first showed t liat certain inorganic precipitates of a colloidal nature 
could a<‘t as seini-jiermeabh* mmnbrancs. ITcffer " first carried out a serios of 
reliable quantitative niea.‘'Urenients using ponuis clay cells in the pores of 
which was deposited a membrane of ('ucl’c((’X)fi. The modern work of Morse 

' Rrchefchprt sur Ics r:iiis<‘H (tc nuiiillotioincut <1 ps I.tijiiMH, Parjn, 17iS. 

Man. Chim. Phn^.. 12) 35, (is.*:), (y) 37, 101 (1 h2K;; [2\ 49, -111 (1832); (21 51. 

150 (lh32). 

* .Inn. Phu».. (21 73. .510 (IMs). 

* Arch. f. Anafomir n Phifsmlr.g,,, ] S(i7. 

'‘Phil. Trams.. 144. 177 (1S51). 

' (hmolischc Vntersuchuuoin. Leip/.in. ls77. 
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anil J''riizcr aiul thoir students' in Aincrieii, of the Earl of Berkeley and of 
Hartley ’ in Eiijrland, and that of other workers have supplied experimental 
data whieh have served as a basis for theoretical treatment. 

'I'lic theoretical treatment of o,smotic pressure began with van’t Hoff * 
who made uses of the experiiiHuital data obtained by I’felTer to confirm his 
generalizations, Van’t Hoff showed that there exists an analogy between the 
osmotic pressure of a dilute solution and the gaseous pressure that the solute 
wcadd exert if it existed in tin: form of a gas in the volume occupied by the 
solution. As will be .seen from the data of Table I obtained by Pfeffer for 


'I'AIil.E I 


CdunMitnilitm 

itt 

Pnr (Viit 


1 

2 

A 


(» 


Tmk P 11 KK 8 UUK nF (Pfkfj'Kh) 

Osiriotic Pressure 
in 

O.GSO 

I.:i4 

2.75 

4.01 


Ratio of 

Osmotic Pressure 
to 

('oiicontration 

.(.8 

.07 

.08 

.07 


sugar solutions, osmotic pressure is directly proportiomd to concentratiou, a 
relaf.ion {‘orn'spouding to Bcryle’s law for gases. .Moreov(‘r, the change in 
osnnttic pressure with tmnperature, as van’t IbdT slutwed from Pfeffer’s data, 
is given by the law of (lay-bussae for gases, van't Hoff showed therefore 
that the perfect gas equation 

Pr = nliT or P = cRT 

expressed the rr'latitm betwerm osmotic pressure, couceutratiou and temjier- 
ature. The fact that ll has the same numerical value in both equations shows 
the strict analogy between the two forces. A thermodynamic proof of this 
relation based on Henry’s law will be given later when we discuss the thermo¬ 
dynamic considerations of solutions. 

The more accurate measurements of Morse and h'razer, and Berkeley and 
Hartley showed, however, that these simple relationships may hold reasonably 
well at high dilution but no longer hold in the case of more concentrated solu¬ 
tions {above 0.2 molar). That this is the case is not at all surprising when we 
consider that many gases if subjected to ])ressures ('(pud to the osmotic irressure 
of dilute solutions would deviate iu their behavior from tin' gas laws on account 
of mutual attractions between their molecules. Later attempts, therefore, 
have Ix'cn made to introduce corrections for these influences in the simple 

* I8j1). No. lOS. Carruwe Instilution of 

!pAt7. Trnm , A. 2(H>, 4Hti tlOO(i). 

* t'f. p. 257. 

« })hysik. Chem., 1, 481 (1887). 
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equation given above. A discussion of those theories wiH bt' considered in a 
separate section. An intore>tin’g anainjjy between osmotic and gasojuis pres¬ 
sures lias been deiuon''trated by Ramsay,' wlio employed the apparatus shown 
in the accompanying diagram (I'ig. 5). Palla.lium, at a temperature of :100® 
(’., is j)ermeable to liydrogc'U but doew not allow nitrogen to pass through it and 
may, hence, be con.ddered as a semi-permeabh' membrane with respect to a 
mixture f)f these gases. A mixture tlioM- gaM'v. rich in nitrogen, is intro- 
<tuced into the palladium bulb P which |x attached at fin the glass tube M 
containing mercury which servex as a manoiiu'ter to indicate the ju-essure of 
Hie gases in P. J.et this prexsore ha\e an initial value />, which is the sum of 
the partial jiressures of the hydrogen, and nitrogmi. If we now enclose 
the bulb P in a gas-tight \e'.x<d through which we pasx hvlrogim under atmos¬ 
pheric pressure, the latter will pasx 
througli the palladium until tin* 
partial pressure <jf hydrogen on both 
shies of the membrane is ecpial to I 
atmosphere. The total [iressun' 
registered on t li niaiionicter at 
eipiilibriuin will therefore he greater 
than }). The exei'ss pri'ssure wilhm 
tlie hull) may he consnh'nal as tin- 
iisinotie pressure of the solution of 
mlrogeii in hydrogmi when separate*! 
from ]>ure hydrog^m l)\ a xciiii-p<T- 
lueabh* mendirane p<‘riii{'ahl(‘ to the 
latter gas. Whether the oxninfic 
pressure of solutmiix ix xiniiiarh’ hmuglit almut b\ a coiulilioii of iuequalit 
in pri'^sures dm* to a dilTermici' m coiiciMilralioii ol ih(“ pure solvmit (ui both 
sidex (if the nieiiihraiH' will !«• discussed iimie fully when the qiic'^tioii of the 
meehaiii.'-iM of oxmosis is eiuixiden'd. 

The Determination of Molecular Weights in Solution: 'I'he most accurate 
(hdenniiiations of the moh'cul.ar weight'' "f suhxtances an* baM>d on two prin¬ 
ciples. They may either Im* deternum'd iii IIk* gaxj'ous stale by the use <}f the 
imncipio of Avogadro, or in solution by t In- measurement of any of the colligu- 
tive projK'rticH wiiich we liave ciui'-idered. 'I'he experimental details of the 
latter method will he *iiseusxed in Hu- m xt '•eetion and we shall, tluTefore, 
limit ourselves here to a consi*lcraliori 'd the general applicability of the 
difTcrent mcthoils ami their nmiN* of aijpluaition These' relations all express 
some pro))crty of the s<»lution, osmotic prexxiirc, iMiiliiig point, idc., as a func¬ 
tion of the concentration <if the dissolved substance. If we express, tlicn, 
these coneentratioiH in terms *>f molex (i e , in t<‘rnix df tin- weiglit f»f substance 
dissolved, divided by its molecular weight), \\v have all the* ilatu necessary for 
computing the molecular weight of the substance in .xolutlon. Tims, by cx- 

• W. Han»w»y, Phi. Mug . [o] 38. L'lM) (ISUl). I*. Vilhinl. nntl.. 126. M13 (IKllS)- 

J. Durlaux. J. Chim. Phy.t., 10. '/JH (I'Jl'J). 
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prcssinR the formula for osmotic pressure by the equation 


PV^—RT or 
M 


M = 


RTm 

p 'v ’ 


wliere m is the weinlit in grams of the substance dissolved in volume V, we can 
calculate the nmlcccdiir weight, M, of tlu^ substance from the observed osmotic 
pressun^, P. The difiiculties involved in the experimental determination of 
osmoti(t pressures, however, have prevented its application to the determination 
of molecular weights exccqit, possibly, in the cas(! of colloids, wliere the methods 
of freezing and boiling points are very erroneous. 

Molecular Weight Determinations from Vapor Pressure Lowerings: The 
determination of molecular weights by the lowering of the vapor pressure has 
been made possible by recent improvements in the mode of measurement of 
such lowerings. The; following results obtained by Menzies ' illustrate the 
possible accuracy attainable by such determinations. 


TAUI.H II 


VaPOH PtlKHSUItB LoWKIUNOS OF StU.UTIONS OF Na l•HTIIM.BNK IN IIkNZENF. (MfNZIFS) 


W(“iKht of Dissolveil 
SnhMtiiiu’o in (irunis 

VoliiMK* of Solution 
, in fV. 

V'iipor Prc'ihuie 
f.o\\rrinK 

Molccuhir Weight 
Oblaiiif'd 

n.3Uf) 

4S.I 

00.1 

l2S.ft 

o..'>ns 

4i>.l 

105.2 

127..'> 

0.32.37 

4(>.l 

().'),2 

128.0 

0.5002 

40.8 

lOl.O 

127.3 


The results are seen to agree well with the theoretical value I2S.0. The 
molecular weight is calculated in the above from the formula relating to osmotic 
and vapor pressures 

/V 

p - a 

in which po is the vapor pressure of the pure solvent, p of the solution, P the 
osmotic pressure, p the density of the solution and tr the vapor density at 
pressure p. Assuming the applicability of van’t Hoff’s law, we can substitute 
for P its value as derived above and obtain the relation 

_ m Mo 760 
M 1000(p -a) ’ 

the presssurcs being CAxpresscd in nun. of mercury. In the equation m is the 
number of grams of solute dissolved in 1 liter of solution, M its unknown 
molecular wciglit and Mo tlic molecular weight of the solvent in the form of 
» Z. phpeik. Chetn., 76. 231 (1011), 
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vapor. 44 0 thus arc able to calculate M by substitutiug the oKserved valiies 
for the other symbols. 

The deterininjjti«tn of inoI('cuIar from vapor pressure Io\V(*rinp;8 is 

especially useful where the free/inn-point method is not applicable. Mctre- 
over, as it can be applied over a loiifi; raiifre of temperature, it can be used to 
^(h'termiiie the ehaiiKe in mol(?cular \\ei(.jht. as due to a^so^'iation. for example, 
with temperature. 

Molecular Weights from Freezing and Boiling Points: Perhaps the most 
widely applied method of detennining molecular weights in M»hrtioii has been 
by im'ans of fre<‘zing and boiling point.''. From the e(jualionj> for thes(‘ prop<‘r- 
tie> we can determine abo the nio](‘cular ciunpicxity of tiic ^ul).^tance in .solution 
by s(‘eing what multiple of tlu* commonly accepted molecular weight must be 
takmi to obtain th(‘ saim* \alu(‘ for tlu' con>(ant in thc.se (‘(juations as is ob¬ 
tained from the experimcmtal \alue of tin* heat of fusion or vaporization. In 
this way interesting information has la'en obtaimal ivgarding the effect of 
various solvents on tlie association of di'>s4i|\«‘d substances, d'he solv(‘nl.s of 
the benzene .s<‘iies, for exainjile. have been found to fav(4r p(»lymenzation, 
whilst the analogue's of formic acid ti’iid towards tlu* formation of simple 
molecules. 

Sinc(‘ the present chapter is not iiiteinhal to con''id(‘r the case of .solutions of 
electrolytes, mere nn'iition can oidy be made of the fiindann'nfal importance 
of the stmly of the colligatixi' prop4‘itie' iii c(mnection with the (piestious of 
electrolytic di.ssociation, as, for example, in the modiTU tln'orics of activity. 

K.\ci;inMi;NT\i. SriDV oc Dih ik Sonurioss 

Mexiern jihysical chemistrv tiaees its origin from the epoch-making dis- 
c»)ycrics <»f van't JIolV, Arrhemus ami others m fin* field of stilufions. During 
the s>xyral (h'cade.'i that followed fhc'C di'C-overii's the jirobh'in of .solutions 
was the cliief center of intc'rest, and it is only in tin' past d(*cade that its nu¬ 
merous offspring 4'olloidai chemistr\', eleclrti-clu-mistry, etc, hav<' usurped 
its former jiroininence. As in otla-r fields, tlu' early cxpiTinn'iital studii's 
merely aimed to corroborate and firmlv establish the then existing tlmories and 
it is only in more recent times that a finesse (if techni4jin‘ ha.s la'en (h'Vclope<l 
wliich is capable (d defining the limits of applicability of the thi'oretical de¬ 
velopments and offi'ring grounds for their alteratimi and expansion. It is 
therefore important t*) have a knowledge 4if the mor«‘ n'liable experimental 
methods now available for the investigation of .solutions. In the present 
section a brief description is givi'ii of the nmst ri'fined experimental tnetIuMlM 
which have been developed for this juirpo.se, together with such other .similar 
measurements as seem (tf interest, ami their applicability to the subject in 
question will be discus.sed. 

Experimental Determination of Osmotic Pressure. Method of Pfeffer: 

The first quantitative measurements of osmotic pre.ssure were made by tlie 
botanist Pfeffer * who.se results formed the experimental basis for the theoretical 
rea.soning of van’t Hoff. 

' Pfeffer. Otmotischc Unfirftiichunocn. Ix'ipzig. 1877. 
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The apparatus used by Pfeffcr (Fig. 6) consisted of a porous clay cell, z, containtog the 
solution to bo studied, to which was attached a manometer, m, for measuring the pressure 
devolo|>c«i when the coll was surrounded by pure water. The whole apparatus in position 
for tJBC is shown in Fig. 7. I’feffer prepared his colls in the following manner. The clay 
cell was treated first with a dilute solution (>f potassium hydroxide and then with a 3 per 
cent (M)lutlon of nitric acid, after which it was carefully dried. The wall of the clay cell 
was then completely filled with water by repeated evacuation under an air pump whilst 
inirriorsorl in water. It was then allowed to stand for some hours in a 3 per cent solution 
of copr>er suli)hate and filled with the same solution. The interior was thcn’quickly rinsed 
out several times with distilled water an<l fpiickly dried as well as pr>8sible by wiping the 
interior with strips of filter paper. After the cell had stood in the air until the exterior was 
just moi.Ht to the touch, it was filled with a three per (rent solution of potassium ferrocyanide 
and placed again in the coppc*r sulphate solution. After standing thus for one to two days 



It was elostKl and allowed to develop what pre.ssim; it would by reason of the difference in 
osinotio pressure l>etweeii thew' two solutions. After another interMiI of from one to two 
days thueell was opened aii<l filled vsitlt a solution containing 1.5 t>crcent potassium nitrate and 
3 iier cent copper ferrocyiuiide Fuder these conditions a pressure of alKiut three atmospheres 
is developed. Ifthe<‘ell was to Imi used for measuring pn*s.sures gri'ater than thrr-o atmos¬ 
pheres. it was tested under a greater pressure, which is readily done by iiirrea.sinc the concen¬ 
tration of the potassium nitrate in the test solution. It was found desirable to have the 
initial prossiure develop slowly and to allow the cell to bt' subjected for wime time to this low 
pressure. This slow initial tlevelopnuuit of pressun* seems U» have the effect of pressing the 
membrane nmteriid into tlie cell wall in such a manner that its continuity is not destroyed. 
If the pressure is allowtnl to develop rapidly, the manometer shows a rapid initial rise to a 
maxinmm, but this pn.‘ss\ire soon fulls. In such cases, Pfeffer frequently noted that a brown 
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stain of copper ferrocyanido appeared on the exterior of llie roll, showing that the membrane 
had been ruptured. 

Remarkably good success was had by using (he alH)vo method. Of twenty cells scarcely 
a failure was recorded, while before resorting to the expedient of partial drj'ing no membrane 
was Bucc<«8fully deposited on the surface of the coll. For this reason PfefTor hud l>eon com¬ 
pelled in his first investigations to use cells in which the mcmbrnnc.s had l)ccn de])OKited at 
some distance beneath the surface of (he cell wall. In order to depijsit the membrane in 
^uh B^aiiiitifMi. the ceil with its wall filled with water w.os placed in a .1 per cent coi>per eulphalo 
suluttM^ior fifWn to twenty minutes and filled with a solution of potassium fcrrocynnide 
of the san.e (3 w cent) concentration. When (ho membrane was formed in this way, by 
diffusion, it occup^ a position near the inner surface of the coll. 

Membranes^n>esited on the surface of a cell, by the method otitUned above, not only 
have the advantage that they arc immediately in contact with the solution under investigation, 
but they arc also more easily and successfully fonne<l than when the membrane is formed 
within the interior of the cell wall. In rcriain cn.ses membiam's r<iul(l 1 h“ readily formed 
on the surface of the cells while succes.sfiil depo.sition in the cell wall was eitlrer impossible 
or could be accomplished only with the greatest difficulty, even though the cells in both eases 
were from the same source. It is interesting to note (hat PfelTcr found that ei'lls made by 
only one manufaeturer out of the ten whose products were tested gave satisfactory results 
and that ho hud at his eomplolc disposal the entire use of a inittery for the solution of his 
difficulties. 

Pfeffer undoubtedly had very relialde cells at his disposal as ho found that ITi to 20 
per cent solutions of dextrin showed .absolutely no leakage of .solute after a period of fourteen 
days, and a .'> per cent solution of .sucrose after being kept in the cell twelve days at a tem¬ 
perature of 12''-20° showed no detootubh' amount of solute in the surrounding solvent. The 
idea of u.sing fbi7Fe((’N)« as a membrane was duo to Traube.' who had previously shown it 
to be inipeimeable to certain dissolved iT.tstalloiils while jicrmittiag water to pass thn>ugh it. 
Pfeffer a!s() used membranes of other matcuals and <ariict| out niensurejiK'iils with diluto 
solutions of sugar, dextrose, gum arabi<-, eiccliolytes, eti\ Lack of aci'urai'.v in Pfeffer's 
n'sults with such soluti's as suciose can hardly be lrai-<'d to faulty membranes. From his 
lesults, ho showed that osmotic pn'.sMirc was lu'opoitional to coiu'enlralioii, was much smaller 
in the case of colloidal subst.mccs like gum aiabic than with molcciilarlv dispersed systc’ius, 
and ^hat osimUic pressure increased linearly with (empiTa(.ur<‘. 

Me^od of Morse and Frazer: The fwn eliief prohleni.s whieli confnini the 
invohiigator who atteni))ts a direct iiiensunMuent of osiuofie pressure are the 
production of a ineinbrane which is truly senii-permeahle and an accurate 
determination of the pressure produced, with careful control of temperature 
and accurate analyses of the .solutions. If any of the.st' factors is disregarded, 
it is perfectly evident that no ^reat reliability can be placecl on the results. 
The details of the method of I’feffer, as is evident from lluur deseri))tioii, fail 
in certain respects to provide the necessary Kdinenuuits and, thouRh the im¬ 
portance of PfefTer’s pioiu'cr work cannot be overesliinated, it re(|uireil the 
development of innumerable, practically important delails to ^ive the metliod 
sufficient accuracy over a wide range of coiicentralioii to make it applicable 
to the theoretical problems of dilute solutions. 

H. N. Morse, while engaged in the electrolysis of solutions of jjennanganatos with porous 
diaphragms in order to prepare solutions of pure pennatigame acid, noticed, on occamons, 
the osmotic activity of such eells m whose pon*s mnngnriew dioxide hail separated. 'I'his 
suggested the idea of depotiling eopiier forroc.\amde im-mbranes electrolytieully in |>oroUH 

• M. Trauljc, Zcnlral. f. mediz. IPi'm., IHtM; /Irc/ui’. Anai. Il'tM, Mrd., p. K7 (1807). 
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clay cells for the purpose of measuring osmotic pressure. The method was ndesoribed by 
Morse and Horn' in 1901. While the easy formation of an osmotioally aotim^meml^ahe 
by this method was readily obtained, there remained a very great number of ^q)erlmental 
details the solution of which was necessary before quantitative measurements OnA^d be made. 
In fact aU and more of the dif&nilties encountered by Ffeffer had to be solved. 

Morse end Frazer,* therefore, undertook in 1901 an extensive improvement 
in the mode of measurement of osmotic pressure, utilizing the fliBitrqiythf 
method of Morse and Horn for depositing the membrane. As yresu^srjf the 
improwments in the details of measurement introduced by theie im?fotigators 
in collaboration with their students, the measurement of osmolit^'^ssure has 
reached a high state of refinement and accuracy in the limited number of cases 
to which it is applicable. The limit of its applicability, however, has prevented 
its extended use, but this phase of the problem will be considered in detail 
later. We shall next describe the various parts of the apparatus which are 
used in actual measurements. 


The CelU. By chance these investigatora had at their disposiil alx)ut 20 cells with which 
their first work was done. Unfortunately later experience showed these cells could not be 
duplicated by the potter. Various potteries were called on to assist in the production of 
eatiafactory colls. In every case failure resulted. It was then evident the problem would 
have to be solved first in the lalwratory. After trying various expedients, Frazer while 
OMociatod with Morse developed a method of fabrirating the cell that siitisfied the require- 
monts for certain solutes. Microscopic examination of sections of good and bad cells showed 
that fine, uniform texture was required. Fig. 8 a and b show sections of one of the potter’s 
cells and one made in the Ia!)orntory, respectively. 

The cross section of nn ordinary porous cell as produced in the industry (Fig. 8 n) is seen 
to lack uniformity and contain numerous air blisters. Since the function of the coll in 
moasuiWients of osmotic pressure is to secure a support for the semi-permeable membrane, 
it is perfectly obvious that the fineness of texture of the latter will depend on the pores of 
the c^l itself. If there should happen to ho a j)oint where the cell wall is highly porous, 
the membrane, if deposited at all over this area, must necessarily be held but looscly^'sgjtL 
the exertion of any pressure at this point would easily disnipt it. Hence the at' nnment 
of cells of uniform and fine texture is necessary. 

The first, step taken was to select two clays of such compo¬ 
sition that it would 1x3 unnecessary to add any of the ground 
material used by the potter as a “bicider.” These were carefully 
treated to remove coarse particles after which the mixture was 
molded under prossuro into cylindrical fonn, Fig. 9 a, and then 
the cell was turned on the lathe to the proper size and shape. Fig. 
9 b, dried, and burned. The upper portion was then glazed to per¬ 
mit attachment of the manometer. 

Such colls were entirely sati.sfnetory for measure¬ 
ments witli non-electrolytes of high molecular weights. 
Cylinder ot Fii»lii(mod ■’“'I'*’ them applicable to substances of small molce- 
Pressed Clay Cell ular weights, the porosity of the cells has recently 
F,u_ 9 been further decrea-sed and a more perfect support given 


‘ dm. Ckem. J., 26, SO (1001). 

■ Am. ahem. J., 28 , 1 (1002); 20 , 17.3 (11W3); 32 . 93 (lOlH); 34 . 1 (1905); 3 «. 1 (1906); 
37 , 324, 425, 6,58 (1907); 38 , 175 (1907); 39 . 6«7 (1908); 40 , 1, 194, 266, 326 (1908); 41 , 
1, 92, 257 (1909); 45 . 91, 237, 383, 517, 654 (1911); 48 , 29 (1912); PubUonUon Carnegie 
Inst. No. 198. 
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the memhrane by the preqjpitation “in situ’* «c'l^^:ilh9Ii gub(tanMl^ like ' 
MgSiO,.* 

A erou section of such a cell is shown in Fig. 8 c, the dark l>ortton. being the precipitnted > 
opaqueness compared to the rest of the cell shows the fineness of its pom. 8ucl| 
effici^t supporters of the membrane, allow only a minimal leakage, a nhpi<{ 
.require no period of “seasoning." Recent experiments, ' 
/ tinned investigators, however, have shown that the presence of too fine 

/^d thiii^a ceft^ay vitiate the results, due possibly to the interference of electroldnetio 
/effeota. ’Ri^preffence of a fine capillary system in the cell may bring aBbut a condition of 
affaire in whic^’* solution proximate to the scmi-porineahle membrane has a eoncentration 
(due to the capillary effect of the cell pores) far different f^)n^ that of the solution aiid henoQ 
the resuita obtained, though reproducible and apparently referring to the solution studied, 
really refer to entirely different conditions. 

The desideratum, therefore, is the prodiicticui of a very fine material on the 
surface of which the membrane may be deposited ttnd which will present its 
other surface to the pure solvent, thus obviatiiiR any coneeiitration change duo 
to capillary effects. 

After its preparation and filling, the eel! is boiled in water and all air bubbles 
removed by continued electrolysis of a 0.0.') per cent LijSO^ s<»luti(m, the water 
transferred electro-endosntotically serving to remove the last traces of air. 
The cell, after electrolysis with distilled water to remove the last traces of 
electrolyte, is ready for the deposition of the 
semi-permcable membrane. 

The Membrntic. Despite efforts to find 
other membranes, tlie (’u 2 l'V(CN)(i first de¬ 
scribed by Traube has always been )no.‘-t satis¬ 
factory for osmotic pressure measurements, 

'’fd' has been exclusively used in these 
researthos. The mode of deposition, liowever, 
and the care exercised in its development 
have been altered. 



Kk.. 10. ApparuUis for Membrane 
l)ci)osition 


The mode of deposition of the mcmbrutic by the 
method of Morse and Horn is shown in the lUTom- 
panying diagram (Fig. 10). The porous <‘up (a) in 
which the membrane is deposited is hebi by means 
of a rubber atopper (6) in a glawj vessel (r) containing 
a 0.1 per cent solution of KiFetCN)*. The cell is filled with a O.I M sidution of CuSO« and 
a current allowed to pass through the solutions from a oopi>er anode (d) held in the porous 
cup by a rubber stopper. A platinum sheet which surrounds it servers us the cathode (e). 
The funnel (/) and exit tube {g) sorx'c to renew the K^FcfCN)! solution so as to prevent an 
accumulation of alkali during the electrolysis. 

When the oell is put through the membrane-forming process for the first time, there is 
a temporary foil of resistance as the cell wall liecotnos filled with the electrolyte and a rapid 
rise thereafter as the membrane continues to form. A maximum resistance is soon reached, 
after which the process should be discontinued and the cell placed in water. After several 
days, the process is rei>eated. and, after several repetitions, a good coll wilt readily devriop 
considerable pressure with a cane sugar solution. It is, however, still imperfect and for 

* Grollman and Fraser, J. Am. Chem Soe., 45, 1710 (1923). 



Fio. 12. Cross Section of intorforojiictor 


Fkj. l.’i 


The iipijor onil of the nmnimictor {4, Fik. 11) consists of a thread of mercury, thus ob¬ 
viating the error of the unknown ehivriKO in bore due to constriction in scuhna tlie munorneter 
end. The ttso of glass manonjcters suffers froni the disadvantage that the time for the 
attainment of equilibrium is long; their accuracy decreases with increased concentration 
due to deviation of the gas from Hoyle’s law, occlusion of gas and increased percentage error 
of readings; and. finally, they are easily broken at high pre.ssures or by temperature changes. 
AppUciitioii hae, therefore, been made of a resistance pressure gage * and of the water inter¬ 
ferometer,* using the change in the index of refraction duo to the pressure exerted in the 

* Fraser and Myrick, J. dm. Chem. Soc., 38. 1907 (1916). 

• Fraser. Van Doren, Parker and Ixits, J. Am. Chem. Soc., 43, 2497 (1921). 
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experiment as a means of mcasurinn this pressure. This si)i>aratU8 has been further inodi8ed ‘ 
to give an increased accuracy and ease of inanii)ulatit)ii over the original apparatus. The 
more recent form is shown in Fig. 12. 

This instrument has been describoii l)y GroUimiu and Frater.* It has a range of 30 
atmospheres. This can be increased by the use of thin ghiss plates inserted in the path 
of the beam passing thnmgh the non-pressure side. 

Since the range of 30 atmospheres rorrespoiHis to .3000 dulsions on the interferoineler 
rpijdings on the latter are capable of duplirulion within 10 divisions, the pressure 
read'’'»its are ^airate to 0.1 of au atmospliere. The !tecin:ic.v may l>e iucreasctl by the use 
of a lirjuiJ.more mmpressiljle jhaii water or li\ the om- «.f h longer |)rossure oli:iml)er and wider 
window!*. The Ungth of ilie pre-.snio eh.ualK'i of ilm uisimmiMit um-J was SO mm. My 
arranging tlic ftunors nml pii'ins '>f llie inteiftaomoter so ihat there i>. a greater dislaneo 
IkUwccu the two l)eam'j, larger wiiidovvn can be u.sial m the pres>ure gage, which insure.s 
more accurate readings. 

Tho older methods of joining the m.tiiometer to the cell huve been improved 
i)y I'Yuzcr and Myrick/ who ilcviscd the apiiaraliis shown in Fig. 13. 

"M (Fig. 13) is the ela\- c(‘ll with the iiiemliniiie of cop|ici feiroejanide K tiepo.sitcd 
t»a its exterior. Tliis exlemis only ;is far a> indicated b\ the heavy lino A', the neck and 
sliouldcr of tho cell being gluz<-d to I'liMue light, joints. J is the bronze cylinder into which 
tlie cell is fastened by means of tho plug /'. 'I’lie latter has three legs upon which the ap¬ 
paratus stands and whu'li serxe an a means of screwing tin' |)tug into the cylinder. .V is a 
tliiek rubber wiinher and 0 in a piece of loiimicMial ‘Uainliow Paclving,' alsnit a millimeter 
and a half tluck. This jiai'king gives peifcct nati.sfaclioii, wlule tlie ordinary niblier will 
not wit)i.Htan(l higher iircnniires. At all other joints .V, O'. II. tho p:icking is surrounded 
on all sides so it can not flow, hence in tiiese places the softer rubi)er washei-s answer very 
well. In fact, it is de.siiabte to lia\e X and (J thick (almul -t nun.) and .si>ft so tlnit iiiitiiU 
jirossure may 1)0 secuied b.\ their com|)ression 

“li is a glass I'-lube hehl in tlic mouth of tlie cell b.\ mean.' of the nililior stopper Q, 
This IS nimpty to keeji (ho soixent L up the celt and .\et leaxe it open to (he atmosphere. 
/ is (lie solution to lie mi'a.nuied. A m the iiianomcfer allachinent and i.s fasleiasl onto 
the e.xlinder b> means of the nut /■', <1 being a lin k iiibber waslier described abovi'. A is 
a piece of eapillat.x gl.i'S tubing to which the luanonu'ler is sealed. The s(|uare sliouldor 
at ttj. lower end of .1 i.s secured by sealing onto a piece of lulling, of the size ilesired for A, 
another piece. Iiaving -omewliat larger exfemal <liin<-nsion.s. The joint is kept soft and the 
glass alloweil to lluw together unlit a eo!i'it]crat)le cnhirgeineiit is secured, the inioriml diameter 
being kept of original size b> careful blowing. .\fler cooling, tho laiger piece c»f tubing is 
cutoff close to tlie enlarged joint. A is tlii'ii inounle<l in the hit Ik* and the enlarged end ground 
to the desired size and sliajic. In this manner the lower end of A is miwlc Ui fit uceuraloly 
into the lower en<l of K, as shown in tlie diagram 'I'o hold .1 in jsi.sition, IS is sealed onto 
A by means of sealing wax (Kholin-ky) and after putting I) into position, <1 is sciewed onto 
IS It will 1)0 seen that l)y turning D to the left. .1 is laised and ln'ld tightly in imsition in 
A' against the washer //. By turning I) to the riglit, .1 is lowered .and excess solution is 
allowed to escape 1'hjs method of joining gla.s.s and metal is of general apj)licalii)n and 
has proven most sati'factoiy. Such a joint will liold tight under any pri'rtsure which w'ill 
not actually break the glass.” 

In the use of the interfcronioter cell, a similar ntfachinent. is used with the oxeojitiou 
(hat the tulie A is of l)rHR8 and the ecll eoutents are separated from the interferometer i;ell 
by a mercury trap. 

With tho abuve-descrilied apparatus and tho great care in the details of carrying out 
experimental doferminations, such as temperature control, analysi.s, etc., to whicli reference 
must be made to (he original articles, data have been obtained over a range of (emtieraturcii 
from 0° to yO® and over tiie complete range of concentrations in tin* ca-se of sucro.si* solutions, 
as well as measurement!, of mannilc, phenol, etc. The results tibtained for some of these 
substances are given in the following tables. 

’ Grolliuan and Frazer, J. Am. Chem. Soc., 45, 1710 (1923). 

* J. Am. Chem. Soc., 45 . 1714 , 1715 ( 1923 ). 

• /. Am. Chem. Soe., 38 . 1907 ( 1916 ). 
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TABLE IIP 


Osmotic Pressures of Sucrose Solutions 


Grams Sugar/lOOU Cc. 
of Solution 

Grams Sugar/1000 G. 
of Water 

Equilibrium Time, 
Minutes 

Osmotic Pressure, 
Atmospheres 


30® 

/ ’ 

478. ;i 

680 

90 

/ 5I.-6 

472.0 

665 

12 

. 06.6 

597.0 

968 

90 

87.2 

605.4 

980 

150 

90.4 

G08.5 

990 

165 

92.0 

700.2 

1260 

195 

129.5 

605.0 

1242 

22.5 

127.4 

781.4 

1549 

180 

169.1 

781.4 

1549 

225 

168.6 

777.3 

1533 

90 

164.1 

831.6 

17.58 

300 

(198.2) 

826.2 

17.17 

195 

200.2 

830.8 

1796 

165 

206.1 


M 

70 


477.2 

674 

22 

61.0 

481.4 

685 

20 

63.1 

GIO.O 

996 

35 

97.4 

612.7 

1000 

16 

98.7 

702.3 

1270 

30 

132.4 

706.4 

1284 

55 

133.5 

782.5 

1556 

75 

170.6 

791.9 

1590 

90 

178.7 

856.5 

1877 

120 

222.0 

842.9 

1810 

135 

213.8 

900.2 

2112 

165 

2.59.3 

910.6 

2190 

1.15 

256.6 

No analysis. 


1.15 

273.0 


* and Frazor, J. Am. Chnn. Si>c., 43, 2501 {11)21). 


Osmotic Prehsurb of Suorohe Solutions at 0° 


{Mor.'ic, l‘’rjiziT iin<l Zi(’H) 


Concentration 

- O.HTnolic Pressure 

Uatio of Osmotic 

(Weight Noriiml 

()l)seiV4‘«| 

to Gas Pressure 

Solulioiis) 

.1 

2.46 

1.11 

.2 

4.72 

i.mi 

.3 

7.tH) 

1.06 

.4 

9.44 

1.06 

.5 

11.90 

1.07 

.6 

14.38 

1.08 

.7 

16.89 

1.08 

.8 

19.48 

1.09 

.9 

22.19 

1.10 

1.0 

24.83 

1.12 
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TAIILE IV' 

Osmotic Puesmcjik of Aqukocs Phenol Solctionh at 30° 



‘ (irollmuii and Krazrr, .1. Am. Clum. S<ir.. 45, 1707 (1023). 


The Method of Berkeley and Hartley: - TIk* inctliod of investigators 
(liffcrs from those liitherto di'scriia'il in that instead of imaisiirinj; the pn'ssure 
that is exerted due to ditTusion of tin* solvent into tlie solution, this difTusi<»n 
is prevented by the application of a pressun' to (he so!uti<m just suHicieiit to 
prevent passage of solvmit into the solution. 

A (TOSS section of the apparatus is n‘|)resenfe(| in Fi);. 11. 



P’lo. 14. AppanitiH of the ICarl of H«Tkeh‘\ ainl 1C. (I. J. Hartley 


* Phil. TraM.. A 206, 480 (1900). 
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"AB is a porcelain tube 15 cm. long, 2 cm. external and 1.2 cm. internal diameter, the 
ends of which are glazed. This tube carries the semi-permeable membrane as close to the 
outer surface ns possible. CC is a gun-metal cage against the ends of which the dermatine 
rings DD are compressed when the two parts E and F of the outer gun-metal vessel are 
screwed together. The ends of this cage have shallow radial grooves cut out of them so as 
to prevent the dermatine rings from rotating and nibbing the membrane during the operation 
of screwing E and F home. The length of the cage is such that, when finally set up, the 
dermatine rings just overlap the ends of the porcelain tube. 

"The outer gun-rnetal vessel (capacity aljout 250 cc.) contains the solution which, when , 
a prewmre is applied to it, forro.s the dermatine rings against the bevelled faces OG, and thus 
cauHi‘s a tight joint to be made with the porcelain tube. The joint l)otween E and F is made 
good by another derniatiiic ring X, which is compressed U’twcon the metal ring I and the 
nuts JJ. 

"The ends of AB are closed by pieces of thick-walled rubber tubing KK, through which 
the brass tubes LL are pussiid; a water tight joint between LL and the in.side of the porcelain 
tulsr is (djtuiiK^d by compressing the rublier h(‘tween the metal washers MM and the nuts 
NN. The brass tul)e8 are joined by ruliIxT tubing, one to a glass tap and the other to an 
open glass capillary—the latter, which wv shall call the water gauge, was graduated in milli- 
moters and calibrated; one centimeter of the boro contains 0.0t)312 cc. The outer ends of 
E at F have threads cut on theiii’ic receive the brass rings 00, which in their turn are piT- 
forated by Bcrow-holes to receive tlic^ thumbscrews Vl\ by means of which, together with a 
rublier washer, a tight joint is made betw<s‘n the flanges QQ of the curved metal tulies VV 
and the ends of K and F. 

"The perforation R is for tilling the aijparatus with solutiim, and also for connecting to 
the pressure apparatus, while .S’ ser\<‘s to enij)ty the vessel." 

A determiuation is made by filling the porcelain tulxi containing the membrane with 
water, which partially fills tin; attached eapillury lub(‘, surrounding it with the solution to 
1)6 investigated, and gradually aiiplyiug a pressure which could l*e regulated ami measured, 
until there was no flow of water from tin; interior of the solution, Thi.s pressure was deter¬ 
mined by observing tlie rates of movement of the water meniscus in the capillary tul»es at 
jiresHures near the osmotic pressuri*. A correetion to this reading was ap]>lied, due to leakage 
resultiug from imperfect cimtact between the dermatine rings ami the membrane, or from 
cracks in the glaze. Measuretnents by the above metbofl are fairly rajud, inasmuch as it 
is not iieocssury to wait for e<]uilil)rium to set in by a difTiision throiigb the cell, which ditTusion 
is usually slow m‘ar the eciuilibrium pn^ssure. 

The same investigators ’ have devised a dynamic method wliich is bused oji 
the measurement of tlie nite of flow of solvent into tlie solution which gives 
results concordant witli otltcr methods, if we consider tlie initial flow only and 
assume it to be that wliicli would occur if the water were causc<l to ])ass through 
the membrane by tiic application of a mechanical pressure equal to the osmotic 
pres.sure. 

Vegard,* who has described a simple form of the above apparatus, showed 
that the rate of flow gradually diminishes and, hence, tlie initial rate of flow 
alone gives accurate results. The relation between tlie velocity of osmotic 
flow and osmotic pressure iias been further investigated by Sebor ^ and An- 
tropoff * and is illustrated in tiie following table (V) by some results from the 
work of Berkeley and Hartley.® 

> Ptoc. Roy. Soc., A 82. 271 (1900). 

*PAi7. Muy., [G] 16. 247. 3»G (1908); Proc. ('omh. Phd. Soc., 15. 13 (1909). 

*Z. Elrklrofhem., 10. 347 (1904). 

« Z. phyaik. Chm., 76. 721 (1911). 

» Proc. Roy. Soc., A 82. 273 (1909). 
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TABLE V 


Relation between Velocity of Osmotic Flow and Osmotic Pressure 


Proeaure in 
Atmospheres 

Diffusion Velocity in 
Mni. of (‘apilliiry 
per Second 

1 Ila(ir) of Diffusion 
H;ife.s 

1 Ratio of Pretaurea 

20.41 

0.1075 

1 

I 

40.82 

0.2203 

2.0.5 

•J 

61.24 

0.3210 

3.01 

3 

81.65 

0.1303 

1.00 

4 

102.06 

0.5319 

1 9.5 

.5 

122.47 

0.6378 

.5.93 

6 


Numerous other expeniiK'Uial of osniolic pre.ssutv luive been 

made by E. Cohen and J. W. ('ronutielin/ A. hadcnburn,^ R. H, Adie,® (1. 
Tamniann/ A. Naccari,*’ A. PoiiMJt,'^ V. S. Harlow," S. KahlenberK,® («. Flusin,® 
W. G. Wilcox,K. Founrd," ('. F. Nehon,'- and A. V.. Koenii?.*’ Due to the 
luck of sufficient perfection in the ai)i)aralus used by (Ik'nc investigators, how¬ 
ever, their results arc conflieting and will, (herefon*, not be further discussed 
here. 

Some of tlic results of Herkeley and Hartley are given in Tabic VI which 
also contains the results obtained by Frazer and Myrick for coinj)arison. 

Measurement of Relative Osmotic Pressures: A number of methods have 
been devised which, though incapable of giving any absolute values, never¬ 
theless furnish us with useful information regarding the relative values (»f the 
osmotic pressures of different substances. The celts of plants and animals 
con.sist of protoplasm enclo.sed in walls wlii‘-h, being strong and resistant, 
maintain their shape and size when immei>e<l in solutions of other substances. 
These walls are permeable to water and acpieous solutions but an^ also lined 
on the inside with a thin nieinbrane which is .semi-permeablc, allowing only 
water to pass through it, but no dissolved substances. The Dutch botanist 
I)e Vries‘S first applied such ceil.s to the (h-tcrniinatioii of osmotic pressures, 

' Z. phynik. Chem., 64, 1 (190H). 

»Bcr.. 22. 1225 (1889). 

»J. Chem. Sec.. 59. 344 (1891). 
phy^ik. CVicm.. 9, 07 (1892). 

• accad. Lined, 6, .’12 (1807): A'uwi. mn.. [Ij 5, HI (1897). 

^Cofnpt, rend., 125, 867 (1897); 128. HI7 (1899). 

’’Phil Mag., (61 10. 1 (1905); (6] 11. 59.'* (1906). 

• J. Phys. Chem., 10. 141 (1906); 13. 9.3 (1909). 

• Ann. c/itm. phye., (Hj 13, 480 (1908). 

« J. Phys. Chem., 14. 576 (1910). 

nCempt. rend., 153, 769 (1911); J. phyn., |5) 1. 1*27 (1911); 2, 269 (1912); Pull. eoc. 
cAim., (4] n. 249 (1912). 

‘*7. Am. Chem. Sec.. 35. 6.58 (1913). 

•*y. Phye. Chem., 22. 461 (1918). 

Z. phyaik. Chem.. 2. 415 (1888); 3. IU3 (1889). 

18 
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TABLE VI 

Osmotic Phebsure of Sucrose Solutions 


Grams of 

Grams of 

Osmotic Pressure 


1 

Frazer and 
Myriek 

HucroKC in 
1000 Gc. of 

SiifTose per 
1000 Grams 

Berkeley and Hartley 

Holutioii 

of Water 

P nf 0® 

P at 30‘» 

P at 30" 



(Ob.sor>’ed) 

(Calculated) 

(Olwervcd) 

IKO.l 

202 

13.95 

15.48 

15.59 

;UM).2 

.‘170 

20.77 

29.72 

29.78 

42()..H 

509 

43.97 

48.81 

47.88 

540.4 

820 ' 

07.51 i 

74.94 

73.(«» 

000..'> 

11;« 

1(K).7S 

111.87 

109.10 

750.0 

m;{() 

133.74 

118.10 

148.80 


UsiiiK cells from the plants— Trade.scnntia discolor, Curciiina rubiaiuUs and 
liegonia 7/umicw/«—-which he found most suitable for sucli work. 




Tki. 


U)a 


Ek;. 156 


Eig. ir)a .shows the normal appearance of such cells as seen under the micro¬ 
scope. If now the cell is surrounded by a .solution having the same osmotic 
])rcaa\irc us the cell cemtents, it will maintain its normal appearance and the 
same is true if it is surrounded by a solution of smaller osmotic pressure in 
which case any distension of the semi-pcrmeable membrane is prevented by 
the resistant cell w’all. If, however, the cell is surrounded by a solution of 
greater osmotic j)ressure than its own, water will leave the cell and cau.se its 
contents to shrink, giving the appearance of Fig. 156. By determining the 
lowest concentrations of various substances which are n(*c(‘ssary to prevent this 
contraction of the semi-permeable membrane, we have the relative concentra¬ 
tions necessary to produce the same osmotic pressure. The reciprocals of 
tliese isosmotic or isotonic concentrations, when expressed in molar quantities, 
are known as isotonic coefficients and show the relative osmotic pressures of 
solutions of equal molecular concentration. Some of l)e Vrie.s’ results are 
given below (Table VII). 
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TABLE VII 

Isotonic Cokfficiknts of AguKors Solutions (Dk Vhiks) 

iMitonic 

.... 1.7S 
.... I KS 
.... 

.... 3.05 
.... 4.3.3 
.... 4.33 

These values were of f^reat use in the developinont of early theories of 
solution, clearly showinj; the effo(‘t of (lissoci:iti(ui of (■leetrolytes on the colliga- 
tive properties of solutions. 

Hamburger * has employed red blood corpuscles for the same purpo.se. 
The lowest concentrations of variou.s substances necessary tt> cause tlie cor¬ 
puscles of defibrinated deer's blood to settle, leaving a liipiid above, have the 
same osmotic pressure. The results <d)tained by this metlunl,'' as well as those 
obtained in the study of the elb'ct of various substances on the moviunent of 
various bacteria,® all yield results which agree witliin the limits of error of the 
experimental determinations. 

The method of Tammann * Cf)nsists in noting the optical results due to 
diffusion tlirough a serni-permeable membrane of an inorganic material such as 
(hi2Fe(CN)6. The slight currents due to diffusion through the membrane arc 
observed by a rcfractometer and their absence is used to indicate the presence 
of an isotonic solution. 

The Experimental Determination of Vapor Pressure: Of the various ex¬ 
perimental studies of tlie colligative propiTties, none is more desirable than 
that of vapor pre.ssurc. Of all the colligative properties, va])or jiressure and 
osmotic pressure determinations alone may be nnulc at variou.s temperatures. 
The fact that, from the values for the former, w(* may derive the values of the 
other colligative ])ro])erties make.s this experiimmtal study most «le.sirable. 
The chief problcm.s are constant temperature regulati(m, purity of reagents, 
the removal of all dissolved ga.ses, and a .sensitive in.strument for pressure 
mensuration. The experimental methods of mea.suring vapor pressures an? 
divi.sible into two type.s, the static and dynamic. The static method was 
first applied by von Babo,'* whose work, tog(‘th<‘r witli that of Wullner," led 
to the first generalizations on the relation betwi'cn vapor pressure lowering 
and concentration. Tliose workers sh<»wc<| that the lowering of the vap<ir 
pressure is proportional to the concentration (ff solute; that, for the same 

* Z. phyaik. Chr.m., 6, 319 (lb9()). 

* W. Ix)l), Z. phymk. (Jhem., 14, 424 (IS9l). II. Kuppr, /. phyttik. Chnri., 16, 2i>l (ISjir*). 
S. G. Hedin, Z. physik. Chem., 21, 272 (1H9G). 

* Wladiniiroff, Z. physik. C'/khi , 7, r>29 (ISUI). 

^ H'm/. Ann., 34. 299 (188H). 

^ L. V. Babo, Ober ilio Spaimkr:ift dcH Wart.‘}erdami»b*s i» SaIzlo«iinK«n, Fmlnirg (IS-l?). 

♦Ann. Phyaik, [21 103, 529 (1S.)8); 105, W (lh5S). 110, .501 (!h(W». 


Substauce 

Glycerol... . 
Cane Sugar. 
KNOj .. . 

NaCl. 

CftCU. 

MgCh. 
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polution, the lowering due to a non-volatile substance is, at all temperatures, 
the same fraction of the vapor pressure of the pure solvent. 

The later methods of Tammann ‘ and Raoult,* though allowing only a 
limited degree of accuracy, nevertheless led Raoult, as a result of his exhaustive 
experimental investigations, to the enunciation of his law already discussed. 
The method of Raoult consisted in introducing a pure liquid into a barometer 
tube inverted over mercury, a solution with tlie same liquid us solvent into 
another similar tube, and then coii»paring the heights of the mercury column 
in these tube.s with that of a third which was connected to a volume of air of 
knf)wn pressure, all three being connected through a common reservoir to an 
adjustable mercury container. By u.se of his simple apparatus Raoult could 
determine a difference in pressure of 10 mm. of Hg with an accuracy of 2 
per cent. 

Dietcrici* first used a differential method for the determination of vapor 
pressure lowering. This method depending as it docs on a direct measurement 
of the difference in pressures between solvent and solution, instead of absolute 
measurements of both, is cai)able of most refined accuracy and all recent 
methods are based on tliis principle. Dictcrici used 
the movement of a glass j)late (0.08 mm. tliick) 
measured by its torcpie effect on a quartz tlircad which 
was attached to a mirror as a means of measuring 
the difference in pressures betweeti solvent and solu¬ 
tion. Readings could be ma<le with an accuracy of 
0.001 mm. Ifg over a range of 0.1 to 0.01 mm. His 
apparatus is shown in Fig. 1(3. Tlie method of 
Dieterici was further im[)rovod by Maier ‘ and 
Seifcrlield.® Improvements in the construction of a 
differential manometer were carried out by Lord 
Rayleigh,'* Hcring’ and Miindcl.'* Applying tJie 
Rayleigli manometer to the measurement of vapor 
pressure lowerings, Frazer and Lovelace ® have 
described a nadhod of j)roeision wliich has yielded 
quite accurate data for solutions (tf inaiinite, sucrose, 
KCl, NaC’l, LiC'l and JICI over a range of from 

» Ann. Phyaik. [3] 24. 523 (1885); 56. 002 (ISHO). 

'Compt. rend., 105, 1125 (1880); 104, 970. 1430 (1887); 107. 442 (1888); Z. phyaik. 
Chem., 2, 353. 372 (1888); Ann. chim. j>hys., (0) 15. 207 (1888); 20. 37.7 (ISOU). 

Mnn. PAi/si*. [3] 50, 47 (1803); 62.010 (1807); 67, 850 (189<)). 

< Ann. Phyaik, (4| 51. 423 (1900). 

* Diss. Tubingen, 1911. 

*Z. phyaik. Chem., 57. 713 (1901); Trana. Roy. Soc., 106, 205 (lOOl). 

» Ann. Phyaik, [4] 21. 319 (1906). 

• Z. phyaik. Chem., 85, 435 (1913). 

»J. Am. Chem. Soc.. 56, 2439 (1914); Z. phyaik. Chem.. 89. 155 (1914). 

Fraser, Lovelace and Miller, J. ylm. Chem. Site.. 58, 515 (1010); Fraser, Lovelace and 
Rogera, t6u/., 42, 1793 (1020); Fraser, Ixivclui-e and Setuie, ibid., 45, 102 (1921); Fraser, 
LoveUoe and Bahlke, ibid., 45. 2930 (1923); If. Parker, Dusertution, John:! Hopkins Univ. 
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Flo. 10. Apparatus of 
Dieterici 
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The following description of the apparatus is taken from the original paper 
of Frazer and Lovelace. The apparatus is shown in Figs. 17, 18 and 19. 

* The entire apparatus is built around the Haylcigh manometer, shown in Fig. 17. One 
side of the manometer communicate.s with the s<.Ivent bulb If and the other with the solution 
bulb /. 1, 2, 3, 4, 5. 6 (Fig. 19) arc morrury traps \Uiich .ser\'e ns .ntoprooks. 1'hey may 
l>c opened or closed by adjusting the position of the mercury rchorvoirs. The long ones are 
of barometer height, while the short ones are al)out 100 mm. high. Since ordinary stop¬ 
cocks are not employed, the u.so of lubricant is a\oidcd. The large hulb, C. is introduced 
to increase the capacity of the system and thus facilitate removal of air fronj solution ami 
solvent. B is a pho.sphorus penOixide bull* pro\ide<l with a ground glas.s joint and mercury 
seal. .'I is the McL^cod gage. All cojinoctiiig tubes are m'vcii mm. itifcrnal diameter. 

.\fter the apparatu.s was put together all parts of it except the Kayleigh ninnnmcter 
and the phosphorus iienfoxide lailb were thoroughly htcamed out. 

The bulbs containing solution and solvent arc inini<T>cd in a water bath, the temperature 
of which does not vary over period.s of several hours more than O.OUr, as road on a Heckmann 
tliernionieter. Lxpcrience has .shown that the Ha\lcigh manometer is «juite sensitive to 
fluctuations of 0.003'=’ in the bath temperature, if fln-M- fim-tualions occur over short intervals 
of time. While it i.s thu.s necessary to avoid s..iiv|},|(. vanafions in the ti‘iii]ieralurc of the 
solution and solvent, no sucii constancy of tcni|icraturc is necc.ssary for the other parts of 
the system. 

“In carrying <jut a coinpb'te cxpraiinent the following jiroceduro is adopted• The proper 
amount of carefully cleaned mercury is poured into eac-li of tlie r*‘.servoirs attached to the 
oj>cn ends M, M, M of the apparatus and the (‘iitire s.\Mtem exhaiistivl repeatedly to the 
iiighest vacuum attainable by the pump. 'Pin* zero i>oiiit is then determined, after which, 
sttivent. partially freed from air by iKiiliiig, is iiilnHluted and flic remaining tra«'e of di.ssolvod 
air removed, as described later. Tin' Mdution. al-io )>artiallv freed from in’r, is next jntn»ducoi|, 
and, after complete rcinoMil of di'"nlvc<l air, tin' zero point may Is* redt'tcrmined. Finally, 
the pressure of vapor over llic solution i.s balam’ed :igainst tli.nf of the vapor over the solvent 
and the .scale rlellcetion re.td. 'Fhc entire ;i))paralii.s luiving been <*xhausled. trap .5 i.s closed 
and the solvent, fn'cd from air as eompletelv as jaisMblc Ity lt)ng i)oiling, is inlroducc<l into 
the bull). In this opera t it m. the soKeiit need not et.me in eon tael with air and it is, therefore. 
pi>ssible to introduce into fh«^ ap|>ara(ii.s solvt'iit that is jiraetleall.v air-free. There is, how¬ 
ever, in actual praetico, nh\a\.s a tract' t)f air tti be removed after the solvent w in the hulb. 
This is aecomphsliotl in the ft>llf)wing m.'inner: Tiap.s 1, 2 ;iiitl I (Kig. 19) and the MelytHHl 
gage arc closed, and trap r* ttpt'in'il and allowed tt) stay t)pen 21 hours. Trap is thi'ii closed 
and 2 opened. After the abst)r|>tioii t)f water vjipor bv litt' phi>spht)riis pentoxiile in H is 
etmiplele, the McLeod gagt; is o|*en('d and the prt'ssine tletermitieil. 'Plie residual air is 
pumped out and the process lept-ateil as many innes a> ma\ lie necessury for eomple^ reiutival 
of di.ssolvetl air. The stihent, luiMiig tuiee been fjeeii fitim air. may remain in the apparatus 
indefinitely ami it is possible at any time to exainnie its x.-ipor bir air. Trap 3 is iitiw closetl 
anti 5 opened. 

“Fig. IH slitiws a (k'vieti einplo.\ct| ftir partial remtival of air frtmi the solution Is'ftire it 
is intrtidiiced into the .ap|*aratus. Th<' bulb is drawn tlowii at eaeli ejnl to a enpillary ami 
enough solution mlrotlueeti, at the ortiiiiar.\ tenipcralure, tt» fill llie bulb etinipletely at 
H5*'-90'=’. The lt>wer capillary is then sealotl olT, the upper eml drawn ilown to a very fine 
capillary. A (about O.OA mm.), and the whole healetl to the temperature at which the solution 
eompletely fills the hulb ninl cajiillary. Tlie lattt'r is tlien sealed off and the solution allowed 
to ctiol and stand 24 hours in the jiartial vacuum thus tibtuinetl, The tip of the e,apillary 
i.s next broken tiff and the process rejiealetl. hne repetitions of this ojierulitiii are suflieieiit 
to remove nearly all the air. The soliilitin is tlien introilueed inbi (he liulb 7 without coming 
in contact with the air ami the last traces tif tlisstilxetl air removed in the manner already 

(1021); L. lioanl. Dis.sert,afion. .b>lins Ibipkins I'niv. (1922), W. Ntirris, Dissi'rtalitin, 
Johns Hopkins Univ. (1022); 11. K. Ta\dtir, Disserlatiim. .Itihns Iltipkina IJniv. (1023); 
8. S. Negus. Dissertation, Johns Hopkins L’niv. (1923). Groilmau, unpublished rcsulte (1024). 
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,io.smbcd tor the solvent. The extent to whieh the solution is e„„ronlr.-.lecl .Inrinn the 
l.roeess of removal of air after introduetion info the I,all, / „n,v |,r aeruratelv cnlrulated 
„„d never exceeds 0.1 per cent. After the removal of air i, ..omplete, trap 4 is el„.s,.d and 
oiioned, and a measurement may now be taken. 

•■Observations on the Rayleigh manometer during the progress of the removal of air 
from the solution are very interesting. It is to be remembered that at this stage the vapor 
pressure of the air-free solvent is balaneed again.st the pressure over the solution whieh is 
e.|ual to the vapor pros.sure of the solution plus a small air pn-s-ure. .Is lung as any air 
lemains in the solution (even the smallest trare), a very long tune is „,.ees.sary for the estab- 
li.shment of eiiuilibrium after the opening of lia|i li. Thi' pri-s-nre in the solution limb of 
the manometer, ,at first very nearly the true vapor i>re,ss„re of the sohilioii. slonlv inrrea.ses 
for 21 or 48 hours, depending on how mueh air remains (fi.w e.puhbrium is attaine,! the 
dilTereneo in liressiire in the t«o limbs is read in llie n.snal nay l.v noting the scale ilefleciion. 
To this apparent depression is added the air iiressnre m the system, subsetpienlly tlelerinined 
bj means of the MeLeod gage, after ab,smp|ion of the rialer vaiioi liy tlie phissphorns pen- 
toxide. The depression thus obtaineil agrees yen closcli . toaboul IMIIII nun., with the true 
doi>rc8sion mcasurc<l later, after coTtipU'le reiunval of air ” 


Rosults for mannito solution^, obtained by 
arc given in Table VIII. 


TMtLi-: vjii 


Kra/a'r, l4(>\clacc and Ungers,* 


VaI’OU pHKssrUK T.iiWKIilMl <IK Agl'I.tU^ Mwmik .''fit,I IlfiVS 


Crams of Maii- 
nite jMT loop C. 
of Water 
(in Vacuo) 

Cone. Ill Ml 

per loot) C 
Sohfiit 

17.1)a0 


aa.on-t 

0 l')77 

rnbani 

0 2!i(>2 

71.1)17 

D.ain.-) 

SD.IKW 

0 mas 

li)K.2t:{ 

0 51)11 

lOK.IDH 

O.oli.'tS 

i2a.2sa 

(I.ODdl 

14}..‘157 

0 71)27 

i(>2.a;{2 

(i.soia 

1(>2.1S5 

0 SH22 

1HU.151 

O.DDOS 


/*) — Pi = \ :i|i(»r 

bow i‘i inu (’;il 

*ic"viirf‘ LoxM'iiiijr 

.\('f oidiii}; tf 

III Mill Mi'ii'iii\ 

Itm.nll's l/n 

(I i):{ii7 

(loan 

0 Ot'.l 1 

0 Ot.22 

0 0')22 
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Another form nf flirffTentiul tii;iiifini<a<'r fiix' to Stiiit'^ Ini.s fiiniifl iipphnition in (he 
aceuriitc nie.H-suremeiit nf \ iipur pif'sstirf* lf»\v(’iiii«s mid ii 'Ikiw n in Km. 2n. ’I'lie lnwcr tiarn»w 
part of the inanometfT is lilif'd \iilli amlmf i.t) omt whifli is n huor fif wjiter (li) wlijih 
eontinnes into the wirier uppf'r porlioii. Tins in hirii is iDvcri'fl mth a la.\er of ml to pr«“vcnt 
ntiy itifltience of (Ik* uatcr vapfir. l-'or lli*- inatlifiiialn’al lhci)r> of the readinuK the rt'iider 
is referred to the original arliclr* of Stnit.s or lt» .b-llitifk ^ 


Dynamic Methods: The dyn.arnic inclIio<|s of dcU'nnining vapor prcs.surc 
lowering arc much simpler to carry out j‘X[)(’riniental)y and hence have found 

' J. .-tm. Chem. Soc., 42, IMII (l'.»2t)J. 
i Z. phystk. Ch m.. 39. asO (I'JOt;). 

* Lehrbuch dcr Physikahschen Chemie, \f>l. 2, p. 7V.) (.StutiKart. 11)15). 
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wide application, thouRh the results obtained lack somewhat the precision of 
the best static methods. One can, for example, determine the pressure at 
which a pure solvent and its solution boil at the same temperature as had been 
(lone by A. A. Noyes and C, G. Abbott,' H. M. Goodwin and G. K. Burgess,' 
and A. W, C. Menzies.' The method of Walker ‘ 
consists in passing a known volume of air through 
the pure solvent and the solution; by determining the 
amount of vapor so removed, we can calculate the 
vapor pressure of the solution in question. 

Excellent residts have been obtained by the Earl 
of Berkeley, Ik G. J. Hartley and C. V. Burton,' 
who improved the method by passing the current of 
air over the liquids in order to avoid change of pres¬ 
sure in the n|>paratus. These investigators deter¬ 
mined the amount of vapor lost by the bidbs contain¬ 
ing the solution, while Washburn and Heuse * 
weighed the amount of vapor taken up by absorption 
in a suitable apparatus. The chief errors in the 
method are due to the difficulty in accurately measuring the aspirated air 
and maintaining constant temjieratures.' 

The Experimental Determination of Freezing and Boiling Points: Of all the 
colligative properties, none lend themselv('s to experimental determination so 
easily as freezing and boiling points. The ease and accuracy with which 
thermometric readings may he made, esp('ciall.v dillerential readings, as by 
the Beckmann and platinum resistance thermometers, have mad(( the wide 
applicration of such determinations possible. Moreover, since simple relation¬ 
ships are known, whereby the other colligative properties, such as osmotic and 
vapor pressures, may be calculated, these measurements are used where ex¬ 
perimental (lilficultms make the direct determination of the others difficult or 
inaccurate. The great limitation in the value of fri'ezing- and boiling-point 
data, however, lies in the fact that they are limited to a single temperature, 
and, hence, cannot, without doubtful assiinqitious, he applied over a range of 
temperatures. 

The earlii'st determiuations of freezing-iioint lowerings were made by 
Blagden,* who showed the proportionality between freezing-point lowering 
and eoneentration. Numerous experiments were later made by lUidorff • 

‘ Z. lihysik. Chrm., 23. .'itl (IW)7). 

* Z. physik. Chan., 28. (ISi)O). 

*Z. physik. Chan., 76, 231 (1012). 

« Z. physik. Chan., 2. im (18<SH). 

Trnm. Hoy. StK., A 209. 177 (10(>«)), A 218, 200 (1010). 

*J. /tm. rftiw. s<K.. 37. :m (loio). 

* Vor W)n»o very rocont tlclormiimtlGHJ* of vapor pro.'t^uro loworiotftt too Iloti«fieW, Proc. 
Hoy. Sw., 103A. 420 (1023), iititi DnOoriri, ,lnn. Physik, 70. 017 (1023). 

* Phil. Trims.. 78, 277 (1788); OstwaWl’t* KlusMkpr, Nn. .'►0, f^ipzig (1804). 

•a4Hn.(21 114, tUl (1801), 116. (jS (IS02); 122.337(1804). 145, (1872). 
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and Coppet/ the former of whom developed experimental mcchanieal details 


and showed that, from many s(»\\itions, the solvent crystal¬ 
lized out in a pure form at the freezing point. 

The extensive work of Raoult ’ leil lum to his generaliza¬ 
tion which we hav(‘ already discussed. Other workers may 
also be mentioned, HoDemann,^ Auwers,' l'’ahinyi,‘ Kyk- 
mann,® Klolnikow/ but it was not until the work of Beck¬ 
mann * that ally experimentally accurate ap])aratus was 
devised. 

llis apparatus, which, due t(> its ^iml)Iicity and accuracy, 
has found wide application, i> slnovn in the accompanying 
diagram {Fig. 21). 

Various refinements in (‘xperiniental lechni<pie have 
been introduced by the mimemu.s workers who liave carried 
out freezing-j)oint determinations. We may mention the 
work of Lo(»mis,* Uaoult,*® H. ('. Jones,'* Wihlermann,'- V. 
B. Lewis,Abegg,*^ Hausrath,'''’ Fonsol,*® UolofT,*' and 
Richards.*® 

Due to the fact that the formation of a new pha.se at 
the freezing point is more regular in its action than at the 
boiling ))oint, determinations of the fornun’ can he carricii 
out with greater accuracy. In both detcrminalions, how¬ 
ever, the usual therinometric errors, such as irregularity in 



bore and sticking of the mercury thread, must be carefully Fio. ui, Beck- 


eonsidered ami obviated. A source* of eousnh'rable error is ApiHiratUfi 


the variable ilepression (»f the ice point due to changes in 


for Fri'czmg-Pohit 


' .Ihjj, ihun. phu^.. H] 23. aUO (1S71), 25. '.O'J Ils72l, 26. as (1872). 

r/uwJ.(.3) 20, 217 (1880). 28, la.KlsM). [Oj 2, <►0. oa 4. -101 (IHKr.); 

8. 2S0. ai7 (1880). Jour. VhuH.. |2] 3. 10 (188|). 5, 0.3 (isMi). / phu^ik <%iii . 9, :iia (1K02). 
('ryoHeopie. Serie |)li.\Nico-nia(li<‘ni;i(i«]ii«‘, \o 1.1, I’.oi-* (1011). 
s Hir., 21, H(iO (1888). 

< Ui-r.. 21. 701 (1888). 

* Z. phymk. Chrm., 4. 00-1 (1880). 

* Z. pkytttk. Chan., 4, 407 (1880). 

^ Z. phyaik Chem., 4. 10 (1880). 

* Z. phyak. Chan., 2. Oas (1888). 

•.tmo Phyak, (a] 51. .3(M> (1804); 57. .311 (I-SOio. Z. ph>/vk (%tn., 32, .381 (1000); 
37. 408 (1001). 

‘®Z. phymk. Chnn.. 27. 022 (1808). Ann. chitn , (7] 16. 108 (IhOO). 

"Z. phystk. Chan.. 11, 111, 520 (180.1), 12, 02.i (1800), Cariifm^ IhhI. Pul).. No. 80. 
No. ISO. 

»Z. physik. Chan., 15. 337 (1804). 30, .310 (1800). 

phytik. Chem., 15. 305 (1804). 

‘«Z. physik. Chem., 20. 20S (1800). 

>» Ann. Physik, [4) 9. 542 (1002). 

Ann. chitn. phys., 17] 10, 70 (1807). 

"Z. physik. Chrm., 7. .323 (1801). 22, 010 (1807). 

'* Z. physik. Chem., 18. 572 (1805), Am.'('hirn .Sor . 25, 201 (1003). 
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volume of the bulb resuItinR from molecular changes in the glass with change 
of temperature. Tliis error is obviated by keeping the thermometer at the 
temperature of the experiment for a long period and redetermining the ice 
point after the experiment. In this way its variability may be reduced to 
O.OOO'i® In tli(? case of precise measurements correction must also be made 
for pressure variations, both external and internal, whicli affect the readings. 
N<‘rnst ® first showed that in cryoscopic determinations constancy of temper¬ 
ature did not necessarily denote the freezing jHiint, but that a final constant 
r(‘ading miglit result as well from a balance in thc^ interidiange of licat between 
the freezing mixture and the solution, and the establishment of equilibrium 
between the liquid and solid pha.ses. Unless this convergence temperature 
coincides with the true freezing point, errors as higli as 20 per cent in the value 
of the molecular depre.ssion could be introduced. Nernst and Abegg indicated, 
how(*ver, how tlie obs(*rved values could be cornicted to give the true freezing 
point, 'i’lu! determination of the concentration at the freezing point is al.so 
of fundamental importance and numerous devices have been introduced to 
make this determination precise. 

Of the more reiamt determinations of freezing j)oints, we may mention the 
work of Beckmann,•'* Jaiin,'* Bedhu'd,^ Flugel,'' Adams,^ ('ernateseu,'^ to which, 
as well as to the work already cited, reference should be ma<le for a description 
of the various details nece.ssary for precise determinations. In the method of 
Adams, whoso apparatus is shown in Fig. 22, a rapid and certain equilibrium 
is brought about by stirring with a large amount of ice; the depression of the 
freezing p(jint is accurately determined by iiK'ans of a thermocoujdc and 
Hcmsitivo potentiometer; and the analysis of the solution is made witli a high 
degree of accuracy by the use of an optical apparatus. 

Uesults obtained by Adams with aqueous mannite .solutions are given in 
Table IX.’* 

Boiling-Point Determinations: The (‘arliost nuuisurements of the raising of 
the boiling point, due to the addition of a non-v«)Iatile solute to a solvent, 
were made by Fara<lay,‘” Urilliths," and Fcgrand,*’ but no accurate w(»rk was 
done until the iinjmrtnnt work of Raoult and Beckmann.'^ 

' (:f. Ostwuld, Luther, l)ruck4‘r. I’liys'ico-OIieini.sche Mi‘s.suiiK<‘ti. 

* Neriist and AIm'KK. phytuk. Chem.. 15, (»H1 (IKIM). ruul IlaU'inith, Ann. 

PUynik, (4j 17. lUlH (im'i). 

physik. Chitn,, 44, IU9 (10U.‘I). 

*Z. physik. Chem., 50, 12'J (1904); 51. :U (1907). 

» Proc. Roy. Soc.. A 83. 4.'54 (1910). 

*Z. phystk. Chern.. 79, WT (1912). 

'J, Am. Chem. Soc.. 37. 481 (1915). 

•vlna. tSco Lhup. Jmscy, 10, 259 (1920). 

*J. Am. Chem. Soc.. 37. 492 (1915). 

>» .4«m. chim. phyit., (2| 20. ;124 (1820). 

" Ann. Phyaik, (2) 2. 227 (1824). 

** Ann. chtm. phya., (2) 59. 425 (1835). 

rrni/.. 87. 107 (1871): 122, 1175 (1890); J. Phya., [2] 8. 1 (1889); Ann. chim. 
phya., {0) 20, 301 (1890); Tonomt'tric in Soiontiu ((’arr6 t*t Naud, Paris, IIKK)). 

‘♦Z. phyaik. Chem., 3, 003 (1889); 4. 532 (1889); 5, 70 (1890); 6, 437 (1890); 8. 223 
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TABLE IX 

FREEZINO-PoINT DePRESSIUNS ok AoVKdl-S M<iNMTE SoU HiiNH 


Concentration 
Millimols per 

1000 drams HjO 

FreozinK-Point 
Depro'ii'ion (Ar) 

ill Dt'urces 
(Oh>ene<l) 

('alfillatctl 

OUT. 

OUv-(’:Uc. 

(10 * Dt'gnvA 

4.02 

.0071 

.007.*» 

0 

K.42 

.01.')7 

.(ll'ili 

1 

14.04 

.02(*0 

.02(il 

- 1 

28.29 

.or.2.*) 

.(I'lJ.’* 

0 

02..'>!) 

.Il(i2 

.11()2 

0 



Fui 22. Froozing-rnint 
of Adaiii'i 


I'h. hoiliii«-Foiiit A|.i*rira1if< of 

CoJIirll 


Moilifieiitidns of (lie li.'ikmanii :ipp:iniliis have l)Con niailc wliirli hiive 
rendered it a incirt precise iiietliod for pliv-ico-clieniieid incasureinents.' The 
l)oiling-point method has ecrlaiii inliereiit errors wliicli recpiirc special |)re- 
eautions unnecessary in the determination of freezing points. Caro mn-st be 

(1891); 15. C5t> (1894). 17. lOli (is'l.")). 18. I7:i llhO.'.i; 21. 24j (18911); 22. «09 (18911); 

40. 129 (1902); 44. 101 (lOllO). 51. ;1211 (190.'>). 53. 147 (190.5); 58. .'>4;i (1907); 63, 177 

(1008); 64. 500 (1908). 78, 72.7 (1912), 79, .707 (1912), 86, 447 (1914); 88, 14, 24. 419 

(1914) 

« A. Smits. Z. vhmk. CVm . 33. n<KM»: 30. 4i)4 (l‘.«)2). Suihlcr’s Hi«.(ll>ui-h dtT 
ArbeiUmethoden in Anorg. Clunii., vol. III. }>!►• 141-10-1, Lcjpzis, 191.1. 
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taken to measure the temperature of the solution rather than that of the vapor, 
which soon cools to its condensation point, giving the temperature of the 
boiling solvent. This error has been overcome by an ingenious device due to 
Cottrell * wlio, instead of iinniensing the thermometer bulb in the liquid, 
thereby running tlic ri.sk of error due to superlvcuting, places it in the vapor 
pliase as in tlie case of a pure licjuid, and cause.s the boiling liquid to pump 
itwtlf over the thermometer bulb. The apj)aratus of (’ottrell is shown in Tig. 
28. The tube d serves as a pump and insures the passage of solution in intimate 
contact with its vapor over the tlierinoipoter bulb. The glass slieath, J, which 
is attacJual to tli<‘ ground glass stopper, serves to protect the bulb from the 
condensed vapor. Tiie solute; is introduced through the tube // and the sample 
for analysis removed by the ui)pIieation of air pressure at its open end. 

The method of heating the solution to bo studied is also of primary im¬ 
portance. The early methods in which the heat was applied externally have 
been replaced by electrical devices first introduce<l by Bigelow.^ This method, 
further im])roved by Beckmann and Mathews,^ consists in heating tJic solu¬ 
tion by an electric current which passes through a platinum spiral placed in 
the solution. The use of tliis method may l)e limited by electrolysis which 
may occur in the solution. Inasmuch as the boiling point is greatly influenced 
by pressure change's, it is not oidy necessary to maintain a constant external 
pressure, by the use of a suitalde inanostat, but tlic difTeronce in boiling point 
of the various layers of the liquid due to hydrostatic ))ressur(' of the liquid above 
it must also be considered. In order to climinato the influence of the temper¬ 
ature of the environment on that of the liquid under investigation, Beckmann 
has introduced an ai)i)aratus which is surroumled by a mantle in which the 
pure .solvent is maintained at its boiling temperature. 

Tor a description of the various f<>rins of ai)paratus iti use, the reader is re¬ 
ferred to the original papers of the numerous investigators, (^specially the com- 
I)r(;]iensive work (jf Bc'ckmanii and the authors alnaidy cited.^ 

In the method of Sakurai, superlieating of the boiling liquid is prevented 
by passing the vapor of the pure solvent througli the pure liqui4l solution. 
The vapor condenses in the liquid, which is previously heated almost to its 
boiling point, tlic heat thus liberated raising the temperature to its boiling 
point. 

• J. Am, Chnn. Soc.. 41. 721 (1019). 

*Am. Chem. J.. 19. 5H1 (1S97). 

*/. pkysik. Chan.. 63. 187 (1908); 78, 725 (1912); 88. 2A (19J J). 

* Tram. .-Im. KUrtrochem. 6oc., 19, 81 (1911). 

‘StH) hI}«» Siikiiriii, J. Chtmi. Soc., 61, 089 (1892); L!ui(l.>fl«TKiT, Her., 31. 491 (1898); 
Walker uiul Lumsdeii. J. ('fuin. Soc.. 73, 502 (1898); 8i«\vorH,./. Chys. Chem.. 1, 700 (1898); 
How'-Innoa, J. Chan. Soc.. 81. 082 (1902); Hurt. J. Chan. Sue. 85, 3;{9 (190-1): Turner, 
J. ('kan. Soe., 97, 1104 (1910); Druoker, X. phyatk. Chan.. 74, 012 (1912): Washburn and 
Read. J. -4/rt. ('hem. Soe.. 41. 734 (1919); Iloihetil)cr>r and Ilrauer, Z. physik. Chem.. 95, 
184, 512 (1920): Menfies ami Wriaht, J. -4m. Chan. Soc., 43, 2314 (1921); Spencer, J. Am. 
Chem. Soc., 43, 301 (1921). 



THE LAWS OF DILUTE SOLUTIONS 209 


Thermodynamic Considerations ov the Taws ov Diiaite Soevitionr 

In our previous considorntions wo htivo dcvoTopod t\\o Tuws ot diluio solu¬ 
tions with special reference to tlie ultimate particles or molecules whicli make 
them up. As in other branches of tlieoretical eliemistry, this point of view, 
despite the many a^lvantaKcs which it offers, is not essential, but we may 
develop all our Kcneralizalions by tlaTmotlynamie considerations, that is, by 
considering the energy relations involved in the variiHis etpiilibria with which 
wc liavc t(» deal. The study of solufioll^ from the thermodynamic standpoint 
was first developed by van’t Hoff, who was led to their study by his ejKU’hal 
w'ork on the energy relati(ms of chemical reactioris amt chemical ecpiilibriuiu.' 
The essential results of van't Hoff's theori<‘s liave also Ix'cn dev('I(tped, without 
reference to tlie concept of osmotic pres>ure, by Planck,- who is to be conshlered, 
with van’t Hoff, as the co-founder of the modern theory of solutions. The 
general thermodynamic tlieory has also been expamled cliieffy by van der 
Waals,^ Van l-aar,^ ,1. W. (lihbs,-’’ (b \ I.ewis,*' ami K. W. TVashburn ' 

van’t Hoff’s Proof of the Identity of the Gas and Osmotic Pressure For¬ 
mulae: As we have already immlioiii'd fp. '-Mb), thermodynamic considerations 
alone do not allow the <ievel(»pment of nil the trial ions soluli.ms but W(‘ niust 
start with some empirical ridatioiiship wluw accuracy we assume, i he 
identity of the etpiation PV = nlPT for both gaseous and oMiiotie i.ressures 
was first shown by van’! Hoff 'I'he following .lemonstrati.m follows im.re 
closelv tliat given hv Kavleigh " In this donation the applieability of Henry’s 
law will he assumed. This law. ulmd. stale, that the eoneentration of a gas 
dis.solvo(l in a licpiid i'' pro|)ortional to the 
jiressurc of the gas at th.at (emperalurc. has 
been shown to hold in tliosi* ea.e. m wlmdi 
the solute lias till* same molecular form in 
the gaseous and dissolvial stati'.. ami the a.- 
sumption of its validity mav, theieioic-, be 
considered as jx-rmissible in mumal cases. 

Let us coiisiiler a rever-ible c\eiic proci'.. 
carried out at a eonstant fiunpeiatiiir. 7', m 
which one mole of a dissolved ga. i. iemn\«“d 
from a solution and then ri'stored to if. origi¬ 
nal eondition, by use of the imagmar\ de\ic<‘ 



^ Z. jihysik. 1, IM ,,vvv\. a 

= .l«n. I.t] 32, 1112 (ISS7) / 1. 3.7 (ISM). 2, 411.. (ISSS), 6, 

lh7 (ISOU). Arni. rhysik. [t] 10. l.tU 'I'.HMi. 

^ Z phyvk. Chnii., 5. VV.i i, 

*2. phus,k. (Vm., 15. 4.-,7 (l.vrp. S-. Im \ mIht Has ihermodynamisrhc Pote.Hml 

.Sohii, Br!Uin.< li«eig, 1UIK>;. 

.Xiilurr, 55. 4UI (1^117). i ii 

.t»i. (%'m. Sor.. 30. (mM l'Mi.i. Tlinmea.Mnuni.-.. hyl^^MHaml Randull. McOra«- 

Hill A C'o.. N. V.. I'tii-i. 

' J. .!»». ('hcvi. Soc., 32. <>.*»7 (I'UO). 


« .Vature. 55, 253 (1807). 
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bIiowii in Fi(!. 24. A gas, whose preR.sure is p, in equilibrium with its solution, of 
osmotic pressure P, is separated from the latter by a semi-permeable membrane 
nh which only permits the gas to pa.ss through it. I-et us assume the vapor 
pressures of the solvimt to be negligible compared with that of the gas. The 
walls of the cylinder, nc. and bil. in which the solution i.s contained, are permeable 
to the solvent but do not allow the gas to pass through. The ends of the 
cylinder fire closed by impermeable pistons A and II. (.'onsider the following 
reversible process: 

(1) Let the pistons A and H move upward so that a volume r, equal to 
the volume (jeeupied by 1 grnm-mol. of the gas at pressure p, is transferred 
through the membrane iih from the solution to the gas. The piston A there¬ 
fore moves upward through a volume e, while the lower piston E moves through 
a volume V, equal to the volume of solution in which I gram mol. of the gas is 
dissolved. The .solvent corresponding to this volume of solution simultaneously 
passes through the walls nc and (id. The maximum work done hy the system 
in the reversible movemetit of the upper piston is pv while that done upon the 
system hy the external surroundings in moving the lower piston i.s — /’I', 
the negative sign indicating work done on the system. lienee the net work 
done in this stage is pv — 

(2) We wish now to restore one grani-mnl. of the gas at a pre.ssnre p to the 
solution hy a reversible and isothermal path so as to oht.ain the maximum work, 
{'onsider a volume v of the gas at pre.ssnre p, separated from (he system. I.et 
this ga.s expand isothermally and reversibly to practically inliniti' volume, .so 
that the maximum work <lonc in this process is 

p,lv = ( dr = RT RTh, • 

Jvo V ,/ro v 

If tho 1 H)W hroURhl into contnet with a volumo V of tsolvont, it will dis- 
solvo infinitely slowly, sinee it is infinitely dilnle, and tlie proeess will, there¬ 
fore, be reversible. If (he ga.s is gradually eonipressed by a frietionless piston, 
it will dissolve and the work done on the system by this proeess will be 



T(t evaluate this integral we must obtain a relation between pi and ri. They 
are not related by the ecpiation /),?-, = RT since at any stage of the .s^dution 
proeess wo no longer are dealing with one mole, some of the gas having already 
dissolved. When one mole of the gas has dissolved, the pressure of the piston 
is p so that, if we assume (he validity of Henry’s law regarding the propor- 

tionalitv being the amount of gas dissolved and its j)ressure, — mole of gas 

P 
P I 

will dissolve at the pressure ;»i, leaving 1 — — undissolvcd. Applying 

P 
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the iwrfect gas equation to this amount of gas, w(' liave at any stage 


]hv, 


(l-f)ET, 


liT 

hikI substituting f(U* p its value,— , we (inallv olilain 

f’ 

in 


Pi = 


V + r, 


as our <lesire(l relation willi w liieli we may now ilrri\e I be value of (be integral 

- f"/!,'/'■,= - i“ nr- - itrii,''' ' ''• ■ 

«/f(i I'fq ^'i "I" 1’ r 

Sinee v is negligible eoiniiared (o we ean wiih' tlu' Iasi e\pressioii its 


- irrin • 

V 

If now w(‘ ndurn Ibis vobinie <tf sol u I ion to I be original solution, wbleb proeess 
involves no work, \\(‘ ba\e our original svsjeiii ainl bmiee Ibe sum of Ibe work 
terms done in this reversible ;ind isolberinal evele mils! be (‘(lUid (o zero. 
That is, 

pv ~ rv HTh^^ - inhi'-^ =- 0 

V v 


or 

pr - /M'. 

But, by the pcrfeet ga" biw, pv = liT. lienee, also, 

p\' - irr, 

wbieb is otir desired reljitioiisinp. 

Relation between Osmotic Pressure and Vapor Pressure Lowering of a 
Solution: The vapor spare above :t soliitum wltieb eonlaiiis but one vobdile 
eonstitucnt may lie n'gardi'd as an ideid seini-permeabb* membnine perniilling 
the removal of Ibis eonstitmuit only. Let us 
imagine an ap|)aratus as in Fig. 25, wlueb eousists 
of a cylinder litted above with a piston wbieb 
jiermits the passage <»f only the vapor of tlu-sob 
vent and at the bottom with a membrane wbieb 
permits the passage of only the liipiid solvent. 

Intervening between the .‘joliition and piston i.> 

Ji gas (helium, for example) wlneli dissfdves but 
slightly in the licpiiil and serves to transmit tlie 
pressure exerte<l by the pMon. If a pressure p is 
put on the system by the piston whieh is (‘(jual to 


Vepor 

1 


Gos & 
Vapor 

Solution 



Solvent 


Fn.. gr, 
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the oHiiiotic prrnurc P of the 8oIution, then equilibrium must exist at both the 
upjMjr and lower membranes, otherwise a continuous circulation of the solvent 
wr)ul(i occur through the cell. Therefore, the partial pressure of the solvent in 
the gas .spnc(‘ beneath the upper piston must be equal to the vapor pressure of 
the pure solvent outside and the osmotic pressure may be defined as the excess 
presNure which must be put on a solution in order to make the vapor pressure 
from tlie solution e«iual to that of the pure solvent at the same temperature. 
The effect of mechanical pressure on the vapor pressure of a liquid was first 
shown by TJioinsoii and is expnissed in the follow’ing equation: 

dpn __ Vq 

dP~T’ 

wliere I* is the applied pressun*, To is the molal volume of the liquid and v 
its molal voluim^ in the vapor state. 

For the relaii<»n bc^tween osmotic pressure and vapor pressure at equilibrium, 
we have from the above relation 


dp ^ . 

(IP e 


Here, Vu is the molal voliinn; of the .solvent in the .solution. Then, since 


But since 


the integral of whicli gives 





HT ^ dfi ^ 
i'o /> 


dp _ dx 
p 1 — .r 


dP 


RT dx 
1 0 I — 


/' = ^r’[- '«(l - ■'■)], 

f 0 

which on expansion IxTomes 

P = — {X + 2.t'' + + ' * ')■' 

1 0 


In the case of dilute solutions, where x is small, the above equation reduces 
to PTo ~ xRT. The same relation may be shown in the following manner: 

The osnmtic pressure of a solution is only a manifestatitm of the lack of 
equilibrium between solution and pure solvent which also manifests itself in 
• See Findluy, Osmotic Pressure, page 01. 



THE LAWS OF DILUTE SOLUTIONS 


273 


the vapor phase by a difference in vapor pressure of the two. By the following 
isothermal and reversible cycle we wish to derive a relation between the osmotic 
pressure and lowering of the vapor pressure duo to the i)resenco of a m»n- 
volatile solute, bet us imagine a cylinder, as sliown in the accompanying 
diagram (Fig. 26), containing a solution in contact with 
its vapor at a pressure p. Tlio cylinder is closecl at the 
bottom by a piston ah acting as a seniipenucablc mem¬ 
brane by means of which tlie pure s(dvent can be re¬ 
moved osmotically fnmi tlie solution, bet l>,^ be the 
vapor pressure of tlie pure solvent ami P the osmotic 
j)ressure of the solutii>n. 

(1) By mean.s of the pi-'toii ah, which, acting as a 
semi-])ermeable membrane, allows tlie passage of sohLUit 
but is impermeable to the solute, let U'! remove (c^moti- 
caily and reversibly tlie volinm* of solvent civ. The work 
done by this process i< — P<lr,t\\v negative sign indicating 
work done on tlic system. (2) bet iis allow ihi" amount 
of .solvent to be distilled I'^otbermally and rciausiblv and e.xpanded to yield 
its va])or at a jiressurc, />. By (his reversible expansion at the temperature T, 
wc gam an amount of work for one mole (apial to 

}> 

If tl*e amount contained in the volume <lr was <Ir moles, the work done l)y 
the s\>tem will be 

<hnrin^- 

V 

(3) If this vapor is now coiideji'-cil at (he temperature T ami pressure p, 
in contact with the solution, the heat e.xpmided by (he eondensation will lie 
ccpial to that gained by (be system in (he evaporation eonsi<lere<l in (2) ami 
hence these two (‘ffects eancel one another and need not lie <‘valna(ed. 

Our system luw now returnc«l to its original state, and since the cyclic 
process has been carried out i^otliermally ami reversibly, (he imt work must be 
zero, (liat is, 

- P(h' + d-rlirin = 0. 

V 

If M is the molecular weight of tlie solvent in the vapor state,-will be 

(Iv 

the density of the liquid solvent which we sindl denote by p. Substituting in 
the above equation for— its value “ , we obtain 


Solution 

WOC 

P) 


jlOan^oii^ FV#33 • 



274 


A TREATISE ON PHYSICAL CHEMISTRY 


which is the required relation between the osmotic pressure of a solution, P, 
and the lowering of the vapor pressure of the pure solvent po - p. The rela¬ 
tion between vapor pressure lowering and osmotic pressure, as well as the 
variation of vapor pressure with hydrostatic pressure, has also been developed 
by J. J. Thomson ' to which the reader is referred. 

Raoult’s Equation for Vapor Pressure Lowering: In the case of a dilute 
solution to which van’t Hoff’s law of osmotic pressure applies, 

P = cRT, 

where c is the molar concentration of the solution. VVe may therefore write 


inH2 = £M 

V P 
or 

T Po 

In— ac, 

V 

wliioh is the thermodynamically accurate form of Raoult's law. If the solu¬ 
tion is very dilute, i.c., po — is very small, we may write 

P \ p / 


and, since the logarithm of one plu.s a very small number equals the number 

(McLaurin’s theorem), we may write —- for In — . The term — in 

Po P P 

the above equation is equal to V’o, the volume of one mole of tlic .solvent which 
in a dilute solution can be set equal to I',, the volume of one mole of the solu¬ 


tion. Let us also write c as p, where A' is the number of 

tained in the volume V of .solution. Substituting 
original equation, we obtain 


moles of solute con- 
these values in the 


Po ^P _ AHj) ^ ^ 
Po V No 


where No is the number of moles of solvent in wliich N moles of solute are 
dissolved. This is the simi)le equation of Kaoult which we have already de¬ 
rived in a previous section on purely kinetic grounds. 

Osmotic Pressure Formula for Higher Concentrations: The simple form of 
the van’t Hoff equation P = cRT, though applicable to very dilute solutions, 
is, nevertheless, only a limiting form of a more general equation which we will 
now derive from the above relationship between osmotic and vapor pressures: 


p pRT 

‘ Applictttions of Dynanucs to Physics and Chemistry. 
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If Vt is the molal volume of the solvent, we may substitute it for — in the 

P 

above equation and write it 

Vo V 

which is an exact expression even at large concentrations, provided the perfect 
gas laws apply to the vapor and tlie effect of pressure on the molal volume Ko 
be negligible. If we wish to express osmotic pressure in terms of the concen¬ 
tration of the solute, we must apply Raoult’s law, i.e., substitute for — its 

P 

value obtained from the relation 


p = po(l - .r), 

where x is the molar fraction of the solute. Our Cfiuatitm then becomes 
lo \1 — X / lo 

On expanding the term /h( 1 -• x), the last equation becomes 

P = +k’ + Si-’-'V 

Vo 


which is the accurate form of the equation required. In the case of very dilute 
solutions, X is very small and Jienco its higher powers may be neglected, so 
that the above equation may be written 

P\\ = xHT. 


In the case of a solution in wliieh 1 mole of solute is con¬ 
tained in a volume V of .solution, this may be written 
PV — RT, which is the simple hirm of the vaii’t lloff 
equation. 

Relation between Osmotic Pressure and Boiling-Point 
Elevation: A relation similar to those ilerived above will 
now be derived for the osmotic pressure and boiling-point 
elevation of a .solution, het u.s assume (Fig. 27) that we 
have a solution enclosed by means of a frictionless semi- ^ 
permeable membrane ab, wliich acts us a piston, allow¬ 
ing solvent to be removed (»smotically ami reversibly. 

The solution whose osmotic prcs.«ure is P is at its boiling 
temperature, T + dT, where T is the boiling point of 27 

the pure solvent and dT the boiling-point elevation. 

(1) By means of the piston ab remove a volume dv, whose weight is dz 
grama of the solvent whereby the work — Pdv is involved. 

‘ Cf. Findlay, Osmotic Pressure, Longmans Green & Co., 1919. 


Vopor 



■firmp «T+dT 
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(2) Allow this volume of solvent at temp. T + ST to be evaporated iso- 
thermally, thus requirin)? an amount of heat equal to Ldx, where L is latent 
heat of evaporation per gram of solvent. 

(3) The vajjor and the solution are now cooled to the temperature T. 

(4) At thi.s temperature place the vapor in contact with the solution again, 
allowing it to con<len.sc and thereby giving an amount of heat iidx, where Li 
is the latent heat at temperature T. 

(~>) Rai.se the temperature of the system adiabatically to the original 
temperature T + dT. The work in this process is equal and opposite in sign 
to the work in (3) and hence neither need be evaluated. 

.Since W(^ have carrierl out a reversible cyclic jwocess, the algebraic sum of 
all the work t(‘rms involved can be equated to zero, i.e., 

— Pdv + Ldx — Lidx = 0, 

+ Pdv = Ldx — Lidx. 

Ldx is the heat absorbed by the system at tenq)erature T + dT, and Lidx that 
given up at the lower temperature T. We can, therefore, apply the expression 
(]f the second law 

Qi - Q. ^Ti-T, 

Q, ~'r. 


where Qi is the heat absorbed at tcm|)crature Ti and Q. that given up at Tj, 
so that substituting for Ldx — Lidx its value 


T + dT - T 
T + dT 


Ldx, 


we obtain 


Pdv = 


dT 


T + dT 


- Ldx, 


dx 


and writing— = p, the density of the solvent, we obtain 
dv 


P = 


LpdT 

^Ti 


where T i is the boiling point of the solution, which is our required relationship 
between the osmotic pressure, P, and the boiling-point elevation dT. 

Since the solution is dilute, we can substitute for P its value in the equation 
P = cRT, which for the temperature Ti becomes P = cRTt, and obtain 


Lp 


wluch is the thermodynamically accurate form for the relation between boiling- 
point rise and concentration. 
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Osmotic Pressure and Freezing-Point Lowering: By considering a similar 
cyclical process in which an amount of solvent is removed from a solution at 
the freezing point of the pure solvent, To, allowed to freeze, cooling the entire 
system to the freezing point of the soluti(tn, T,, - dT, returning the solid solvent 
previously removed back to the solution, by allowing it to melt, and finally 
restoring the whole sy>tem adiabntically to its original temperature, To. wo 
can derive a similar relation between the freezing-point lowering and osmotic 
pressure of a solution, viz.: 

P = 

T, 


where L is the latent heat of fu.'-ion per gram of solvent, 7’o it^ freezing point, 
p its density, P the osmotic ])re>sur<‘ and dT the freezing-point lowering. By 
a substitution for the value of P, as was made in the ease of the Ixuling-point 
relationship, we obtain the equation (‘(uiiu'eting the freezing point and con¬ 
centration of a solution 


dT = 


h 


where c is the concentration of the solute. 


Kinetic Tiikoiues of Osmotic I’uessuuk 

As we have already seen (page 2M), van't HolT* first sliowed the analogy 
between osmotic and gas pre>sure by showng the applicability of the sami‘ 
ccpiation 

PV - RT 

for l)oth ca.ses. In this equation, P is the osmotic pressure, when 1 mole of 
solute is contained in volume I’ of s<dulion ami is also the gas pressure tliat 
would be produced if this same auHiunt of solute w(‘re present a.s a gas in the 
Volume r. Ju.st as the a{i|)licability <*f the perfect gas eipiation lias been 
extended by the introduction of various correction factors, .so numerous 
modifications of the simple osmotic pressure formula have been suggested which 
claim better concordance with experimental results and applicaliility over a 
wider range of concentrations. Tliese relationsliips, l)eing ba.'^ed on a kinetic 
conception of osmotic pressure, are usuidly referred to as kinetic theories of 
osmotic pressure. 

It was found in the early work ^ on direct measurements of osmotic pressure 
that result.s more concordant with experiment are obtained if instead of ex- 
pre.s.sing V in terms of the volume of solution we express it in terms of the 
volume of solvent (w’ater) at its maximum density. This variation really 
amounts to correcting for the volume occupied by the di.ssolved substance, 

• Z. phyaik. Chem., 1, -ISl (18S7). 

* Morse and Frazer, Am. Chan. J., 34. 28 (lUOrp; 38, 212 (1907). 
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analogously to the correction made in the case of gaseous pressures for the 
volume occupied by the molecules themselves. A comparison of values ob¬ 
tained by these two methods is given in Table X. 

TABLE X 

Osmotic Presbcbe of Aqueous Sucbose Solutions at 20® from Measurements 
OF Morse and Frazer 


Weight Normal 
Concentration 
(Moles Sugar per 

1000 Grams of Water) 

Volume Normal 
Concentration 
(Moles Sugar per 

Liter of Solution) 

Osmotic I 
Calculi 
Accordi 

Morse 

and 

Frazer 

'ressure 
ated 
ng to 

van’t 

Hoff 

Osmotic 

Pressure 

Observed 

0.1 

0.098 

2.40 

2.30 

2.59 

0.2 

0.192 1 

4.81 i 

4.63 

5.06 

0.3 

0.282 

7.21 

6.80 

7.61 

0.4 

0..370 

9.62 

8.90 

10.14 

0.5 

0.453 

12.00 

10.9 1 

12.75 

0.0 

0.5.3.3 

14.4 

12.8 1 

15.39 

0.7 

0.010 

10.8 

14.7 i 

18.13 

0.8 

0.685 

19.2 

16.5 ! 

20.91 

0.9 

0.757 

21.6 j 

18.2 1 

23.72 

1.0 

0.825 

24.0 

19.8 

26.64 


As will be seen by comparing the last three columns, much better agreement 
between the calculated and observed values is obtained by using weight normal 
concentrations. 

In other words wo should, in calculating osmotic pressures, use the formula 
P = CRT, 

where C' is the so-called Raoult concentration referred to one liter of solvent, 
instead of the equation P = cRT in which the concentration, c, is expressed 
as volume concentration. 

Sackur' and Porter * have similarly shown that by the use of the formula 
P{V - 6) = RT, 

in which V represents the volume of solution- in which one mole of solute is 
dissolved and 6 is a factor correcting for the volume occupied by the solute, 
we obtain results in agreement with experiment, as is seen by the data of 
Table XI. 

■ Z. phyaik. Chem., 70. 477 (1910). 

* Traru. Farad. Soc., 13, 128 (1917). 
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TABLE XI 


CouPASisoN or Osmotic Pressures or Aqueous Sucrose Solutions at 0* Calcu* 
LATED BT SaCKUR, WITH MEASUREMENTS OP BcRKELET AND HaRTLEV 


PV Obsen’ed 

V 

P in .\tmoapheros 

/*r Calculattxl 

26.7 

1.910 

14 

26.6 

30.7 

1.144 

26.9 

30.5 

36.0 

0.819 

44.0 

35.5 

43.0 

0.637 

67.5 

42.6 

52.6 

0.522 

100.8 

52.6 

61.1 

0.458 

133.7 

62.4 


PV (calculated) in the above table derived on the basis 6 « 0.30, so that 
PV (calculated) = RT + 1>P = 22.4 + 0.30/’. The factor, h, however, is not 
a constant but varies with toinperaturo aiul <‘oncontration, which variation is 
attributed to changes in hydration with a concomitant change in the volume 
occupied by the solute. This simple equation, however, fails to correct for the 
mutual attractions between solute and ."olvent molecules and hence its agree¬ 
ment with experimental results, in the case.s to which it has been appli<‘d, can 
only be attributed to a fortuitous balancing of these effects. Moreover, aa 
Schay ‘ has pointed out, the equation of Sackur, 


expre.ssing V in terms of concentration, merely involves a correction in the 
denominator, and hence we may write it as 

P = RTc{l + be), 

which being a quadratic in c would be e\j)(‘cte<l to give values in comparatively 
close agreement with experiment. 

A great number of more ctmiplicated e<pia(ion.s have been .suggested by 
Bredig,^ A. A. Noyes,^ van der WaaN.^ Boltzmann,* horentz,® Berkeley and 
Hartley,’ Callcndar,* P'ouard,® Jaeger,’® Khrenfest," Jellinek,” and others, in 

* Z. phyaik. Ckem., 106, 378 (1023). 

»Z. phyeik. Chem., 4. 444 (ISSIl). 

*Z. phy$ik. Chem., 5. 53 (1890). 

*Z. phystk. Chem., 5. 133 (1890). 

*Z. phystk. Chem.. 6. 474 (I8'M)). 

*Z. physik. Chem., 7. 30 (1891). 

* Proc. Roy. Soc., A 79. 12.') (1907). 

* Proc. Roy. Soc., A 80. 460 (1908); Z. phymk. Chun., 63, 041 (1908). 

*BulL Soc. Chim.. (4) 13. 784 (1913). 

‘Man. Physik, (41 41, 854 (1913). 

" Proc. Akad. Welen. Amst., 17, 1241 (191.5); Ann. Physik, 48. 309 (191.')). 

“Z. physik. Chem., 92, 169 (1918). 
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which an analogy to the van der Waals’ equation for gases has been sought 
that would correct for both volume and attraction factors. These equations 
are, however, very unsatisfactory, due to the possible multiplicity of forms 
that they may take, and the difficulties in ascribing any definite meaning to the 
empirical constants which they contain and which usually vary considerably. 

O. Stern ‘ has deduced an expression based on van der Waals’ equation in 
which he enasiders a solution in which there i.s no molecular complex formation 
as a liquid mixture of two molecular siiecics. He therefore expresses the partial 
osmotic pressures of the constituents individually by use of a relationship 
deviating somewhat from the original equation of van der Waals and derived * 
from the virial theorem, By correcting for the mutual attraction between 
solute and solvent .Stern finally deduces the expression 

f = ^ + - hn(ro - J)1 - [oi - aniu - X)]. 

Adverse criticism of tliis eciuation by van Laar ^ as regards the legitimacy of 
using van dor Waals’ c(iuati()n as a l)asis for a general theory of solutions lias 
been met by Jcllinck,‘ who points out that the equation is applicable if we 
assume the additivity of tlie volumes of solvent and solute and of the volume 
correction factor b. 

Recently, Schay,'^ by considering the observed osmotic pressure as re^u!ting 
not from the bombardment of the dissolved particles on the membrane but 
rather as representing the dilTerence in pressures of the solvent in the pure 
condition and in the solution, has extemled the equation of Stern. This 
difference in pressures of solvent an<l solution he visualizes ns being occa>-ioned 
by the fact that the collisions jier given area of the membrane due to the solvent 
particles in the solution are less frciiuent than those of the pure .solvent over 
the same area, due to the relative sparsity of the former compared to tlie latter. 
This difference in the number of collisions on both sides of the membrane also 
accounts for the diffusion of solvent from the region of more frequent bombard¬ 
ment (solvent) into the solution. The final equations derived, however, despite 
their theoretical interest, offer no superiority over the simpler Sackur or Raoult 
formulic in so far as practical application is concerned. 

The above considerations have been limited to a discussion of .solutions in 
which dissociation or cmnplex formation is absent. The application of the 
kinetic theory to electrolytes has been less extended, <lue to the complexity 
involved in introducing factors which should express the variation of the 
electrical effects of tlie ions as a function of concentration. 

P. Debye,** beginning with the assumptions that; 

J Z. pkyaik. Chem.. 61, 441 (1013). 

*Cf. BoItJtnftiin, Gasthcoric. II, p. 139. 

>Z. phyaik, Chm,, 62, 223 (1913). 

*Z. phyaik. Chem., 92, 100 (1918). 

• Loc. cit. 

• Hec. trot, chim., 42. 597 (1023). 
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(1) Strong electrolytes are completely dissociated at all concentrations, 

(2) The observed values in limiting laws (at zero concentration) may be 

attributed to mutual electric forces between the ions tliemselves and 
the molecules of the solvent, 

has developed a mathematical theory of (wnmtie prc^vure based solely on 
kinetic grounds. By applying a con.-ideration of the thermodynamic potential 
to the reasoning which laul previously led him to de<luce a relation for (ho 
freezing points of solutions, Debye * develops the ex})re>sion 

7n/.-r+ v-(a), 

in wliich y is the number of ions into which each molecule dissociates, n the 
numl)er (if molecules per cubic centimeter, i the Boltzmann constant = 1,.'146 
X10“'* erg, and 7’the absolute temperature. Thisexjuevvion is .M'en to give the 
osmotic ]>rcssurc in the form of the classic formula corrected by an additive 
term, due to the electrostatic forces between the iotis, which is a function of 
concentration. Thi.s function D further devcloj)ed but its lengthy mathe¬ 
matical treatment need not be considered hcre - 

Dc'pitc the plausibility and numerous ap|>Iications of (he kinetic theory 
of (wmotic pressure, no generally sati-factoiy rela(ion''hip has as yet been 
derived. This failure is probably due not to any fnmiamental fault in the 
basic reasoning of the theory, but i-^ ratln'r to Ik* atlributial to the com|)h*xity 
of the forces involved in the phenomenon, wliich, in our pri'sent state of know¬ 
ledge, do not allow exact formulation. 

The Mechxmsm or Osmotic Biiessiiie^ 

Theories Regarding the Nature of Semi-permeability: Wlien one sub¬ 
stance is dissolved in anotlier, tlu' solvent in tlie solution thus formed has a 
free energy value, thermodynamic potciitnd, or activity, different from that 
of the pure solvent. It is the ((Uidency towards eipializalion of this difference 
and the attainment of an eipiilibrnini condition which manifests itself in the 
production of an osmotic i>rc''’'iire when the two substaiua's are separated by a 
scmi-penneable membrane. This ?.tat('ment, however, tells us nothing of the 
mechanical details nor does it give Us a \iew of th(‘ actual nu'chanism wliereby 
this jire.-^surc is produced. 

Experimental determinations of osmotic jiressnro liave always Ixaui carried 
out with -semi-permeabie memliratu's. Numerous explanations have therefore 
been offered regarding the mechanism of (liis semi-permeability, Imt they all 
suffer from the fallacy that tliey arc liased on particular cases which they may 
satisfactorily explain, but lack any geiu'ral application. c may thus mention 

' Dobye and Huckel, Phyvik. Z.. 24, 

Chapter XII. 

* For a more dptailed di-ous^ion of tliis siilijcct, ihe reader is rcfcrre^l to the monograph 
on Osmotic Proiwurc by Alexander Fitidla> (IjoiiKmaris. (ireen A f o., 1911)), p. 94, the 
Symposium on the same subjeet in the T’riinsarOons of Ihc hara<iiiy hociriy, vol. 1.3, p. 1*^3, 
JelliDok. Phymkniiiche Chemte, vol. I. 
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(1) the theory of M, Traube ^ who considered the action of the membrane 
OB being that of an atomic sieve, allowing only molecules of certain dimensions 
to pass but preventing the passage of larger particles of solute; 

(2) the theory of capillarity in which the membrane plays the part of a 
series of fine capillary tubes; * 

(3) the chemical theory where actual combination of the membrane and 
solvent take place; * 

(4) the theory of preferential solubility.^ 

It is probable that no single mechanism will explain all cases, varied mechanisms 
being po.ssible, <lep(>nding on the type of membrane used, whether colloidal, 
as Cu 2 Fe(CN) 6 , animal, as parchment, inert, as glazed porcelain plates, etc. 
In moat ea.'<cs it i.s probably a combination of causes, the resultant of which 
brings about the observed action. The nature of the mechanism of semi¬ 
permeability does not, however, enter into the theoretical considerations of 
osmotic pres.sure and, lienee, i.s of no fundamental importance in such con¬ 
siderations. 

The Nature of Osmotic Pressure: Regarding the nature of osmotic 
pressure, widely divergent views have been expressed. As a result of the 
analogy which has been shown to exist between gaseous and osmotic pressures, 
the view has suggested itself that osmotic pressure is due to the bombardment 
of the membrane by the solute and hence is a force whose nature depends on 
the dissolved substances. The objection to this kinetic theory, on the grounds 
that if this were the true origin of the phenomenon we would expect a flow of 
solvent from the solution, instead of into it, is irrelevant if we regard the case 
as analogous to the experiment of Ram.‘<ay cited previously (page 245). The 
number of collisions by solvent particles on a given area of the membrane per 
unit time will be leas on the side of the solution than on the solvent side, and, 
hence, there will be a flow of solvent into the solution until the number of 
these collisions on both sides of the membrane is equalized, or rather until 
the flow of solvent through the membrane is the same in both directions. 

The other prominent theory of the nature of osmotic pressure considers 
the solvent as playing the chief rdle in osmosis. This hydrostatic theory, 
as it is called, attributes osmotic pressure to the entrance of solvent into the 
solution ns a result of an attraction of solvent for solute. This entrance of 
solvent into the solution has been attributed to various factors. It has been 
explained ^ as due to the difference in surface tension of solvent and solution. 
Armstrong® has developed a theory according to which osmotic pressure in 

' Traube, Archiv. fur Anat. Physiol, Med. (18G7), p. 87. 

* Bigelow. J, Am. Chefn. Soc., 29, 1675 (1907). 

•Armstrong, Proc, Roy. Soc., B 81. 94 (1909); A 103, 610 (1923); Compt. rend., 177. 
257 (1923). 

• L'Hcrmitc, Ann. chim. phys., (3) 43, 420 (1855). 

•Traube, Bcr.. 17. 2294 (1884); Phil. May.. (6J 8. 704 (19W). Moore, Phil. Mao.. 15J 
38, 270 (1804). 

•Proc. Roy. Soc., A 103, 610 (1923); Comp/, rend., 176, 1892 (1923). Gellet. Comp(. 
rend,, 177, 257 (1923). 
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aqueous solutions results from hydrodynamic conditions, that is, the osmotic 
pressure of an aqueous solution is the hydraulic pressure exercised by the extra 
molecules of hydrone attracted into it by the complexes formed by the solute 
and hydrone. This theory is only a special cajse of the general idea that osmotic 
phenomena are duo to an attraction between solute and solvent, resulting in 
the formation of definite and stable compounds such as hydrates in the case 
of aqueous solutions. This view has been championc<i by 8. U. Pickering* 
who found that if a solution of propyl alcohol and water in a porous cup be 
surrounded by eitlier the pure alcohol or water, there is alway.s an osmosis 
of the pure liquid into the cup. This woilld indicate that tlie porous cup i.s 
not impermeable to any one constituent of tlic s<dution but rather to the hydrate 
formed in solution. 

None of the theories advanced thus far .H*ems to bo entirely satisfactory. 
A satisfactory explnnathm of the nature of o.''inosis will most probably have 
to await a more tliorough knowledge of the nature of solution, the dynamical 
properties of which are still in.sufiieiently known. 


Donx.w’s Mkmuhank KgnunuiUM 


One might expect “a priori’’ tlmt a sui)stanee capable of dilTusing through 
a membrane should distribute itself equally on both .sides of this membrane 
independently of other sub.-^tanees that miglit l)e prestmt. Tlie presence, 
however, of another .substance wln^s(? moleenl<‘ is non-dilTiisible and wliioh 
can dissociate into a diffii.^ible and non-ditTii.'-ible ion will cau.se an unequal 
distribution of an electrolyte towards who.se moleruie ami ions the membrane 
is permeable. The theory advanced by F. (1. Donnan ^ in I!HO to cover this 
distribution of i(ms has found a'far-reaching ami successful application in the 
fields of colloidal ami physiological clicmisiry wliere wo often meet the condi¬ 
tions bringing about tliis phenomenon. 

We can best develop this theory by eonsiilerinK a specific case as Ims been 
done by Donnan in his original article.’ bet ii.s coirsidcr a membrane (MM', 


Na+ 

R- 


( 1 ) 


Na+ 

Cl^ 


M 

/I 

/ 

/ 

/ 

/I (2) 

M' 


(a) 

Fw. 28a 


Nll+ 

R- 
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M' 


Nat- 
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( 2 ) 


( 6 ) 

Kio. 2Sii 


> Ber., 24, 3639 (1891)1 Katun. 55, 615 (1900). 

* AddreM to London Physiolojtical .S<.cicty. Doc., 1910. 

•Donnan, Z. Ekklrochem.. 17, 672 (1911). Lewis. System of Physical Chemistry, 
Longmans, Green A Co. (1919). vol. 2, p. 27.6. 
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Fig. 28a} impermeable both to the molecule of a salt NaR (e.g., the sodium 
salt of Congo red) and the anion R“ which it gives on dissociation, permeable 
to the cation, Na'*', as well as to the molecules or ions of other salts. This 
impermeability of the membrane towards any species of dissolved substance 
may be considered merely as a result of the small diffusion velocity of the 
species in (piestion through the membrane due to its size, which permits us to 
neglect it compared with the diffusion velocities of the other substances in 
question. The true nature of this impermeability need not be considered. 
If, now, we imagine a solution of the salt NaR to be on one side of the mem¬ 
brane, (1), and a solution of diffusible NaCl to be on the other, (2), the latter 
will diffuse through the membrane to side ( 1 ) until an equilibrium is reached as 
represented by the arrangement (Fig. 286). This equilibrium is characterized 
by the condition that the maximum work obtaine<l in an isothermal and re¬ 
versible transference of an infinitesimal amount of sodium ions, 6 n, in one 
direction is equal to that expended in a similar transportation of Sn chlorine 
ions in the same direction. The algebraic sum of the total work done (i.e., 
the decrease in free energy) must, therefore, be equal to zero. The work 
obtained in the transport of Sn moles of Na"'" from the side (1) where its con¬ 
centration is [Na''']]i to side (2) where it is [Na +32 will be equal to 

InRTln 

[Na+], 

and, similarly, for the chlorine ion this work is 

JnRTInC^- 

But, at equilibrium, as stated above, 

-1- SnRTln = 0, [l] 

whence we derive the relationship 

CNa+]i.[Cl-], = [Na+]..[CI-]., [2] 

i.e., the products of the permeable anions and cations on each side of the 
membrane are equal. No consideration need be taken, in the above deriva¬ 
tion of the work accessary for tliis virtual change in the system, of any potential 
difference between [l] and [ 2 ] inasmuch as equal quantities of both positive 
and negative electricity have been transferred. The above quantities derived 
for the work terms in equation [l] assume the applicability of van't Hoff’s 
osmotic pressure law which assumption is valid, since we are limiting ourselves 
to a consideration of dilute solutions. 

We can derive a similar expression for the equilibrium conditions with 
respect to the undissociated NaCl by considering an infinitesimal, isothermal, 
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reversible transference of Sn moles from [2] to [l]. Assuming, here also, 
the applicability of the van’t Hoff generalization, we have 


[NaCl], 

1 - 1 

1_1 

[NaCl], = [NaCl],, 

<-1 

1_1 


i.e., the concentration of the iinilissociatcd molecules to which the membrane 
is permeable is the same on both sides of the membrane. Combination of 
equations [2] and [4] leads to the expression of the mass action law for ionized 
substances 


[Ny].[CI-] 

[XaCl] 


= Constant, 


which we know to be non-appiicablc, assuming the accuracy of the values for 
the degree of (lissociatif)n as derived from conductivity mcasurenients. The 
difficulty need not disturb us, however, as it rests on an assumption which 
we now know to be inexact. 

Returning to equation [2], it is evident that to obtain electroneutrality in 
the solution, [Xa‘‘‘]i must equal [U~] + [Cr], and [Xii+Ji = [Cl J-.-, and 
hence we can write equation [2] as 


[Xa^],.[(’!-]. = [Xa-].= - [Cl-]^*, 

whence it follows that neither [Xa''‘]i = [Xa’*']- nor d(»e.s [Cl"]i = [Cl‘] 2 , 
since [Xa+ji [Cl~]i, which follows from the above .statement 

[Xa"*]! = [U"] + [Ch]i. 

To obtain a better and more quantitative .statement <)f the above condi- 
tion.s let us assume 

(1) Complete dissociation of XaU and Xa('l. 

(2) Kqual volumes of liquid on both sides of the membrane, which we may 
represent diagrammatically in Fig. 20 thus; 


Initial Condition 




Xa+ R- 

Ci Cl 


(1) 


Na+ Cl- 

Cs cj 


( 2 ) 


KiHiililiriuni Condition 

M 


R- Cl- 

C, + X Cl X 


( 1 ) 


!/ 

/ 

/ 

/ 

/ 

/I 

M’ 


Na+ Cl- 

Ct ~ X C2 “ X 


( 2 ) 


Fio. 29 
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in which the mokr ionic concentrations of the various constituents are repre¬ 
sented by the algebraic symbols, and i represents the concentration of Na* 
and Cl' which have diffused through the membrane. 

If we now substitute these symbols for the concentrations, in the equation 


we obtain 
whence 


CNa+j.-CCl-], = [Na+1’ = [CI'l*, 
(ci -t- a:)(i) = (Ci - x)\ 

Cl + 2 c2 


Dividing through by cj, we get 

X _ Ct 
Ci Cl + 2C2 


which relation gives us the fraction of NaCl, -, initially present in (2) that 

Ci 

has diffused to (1) in terms of the initial concentrations of NaR and NaCl. 
The following table shows this variation in the distribution of NaCl as a func¬ 
tion of the initial concentrations. 


TABLE XII 


Distribution of NaCl at Equilibrium 


Initial 

Concentration 
of NaR in (1) 

Initial 

Concentration 
of NaCl in (2) 

Initial Ratio 
of Concentration 
of NaR to NaCl 

Percentage of 
NaCl Transferred 
from (2) to (1) 

' Distribution 
Ratio of NaCl be¬ 
tween (2) and (1) 






CI 

Cj 

Cl/C| 

-•100 

c% 

X 

O.OI 

1 

0.01 

49.7 

l.Ol 

O.l 

1 

0.1 

47.6 

1.1 

1 

1 1 

1 

33 

2 

1 

0.1 1 

10 

8.3 

11 

1 

0.01 

100 

1 

99 


As will be seen from column (4), the amount of NaCl diffusing through the 
membrane will vary from 50 per cent of the original amount present, when jhe 
concentration of NaR is negligible, to only 1 per cent, when the concentration 
of NaCl is but I/lOO of that of the NaR. The same equilibrium conditions 
result, of course, regardless of whether we start with NaCl in (2) alone or on 
both sides of the membrane, or whether we start with both NaR and NaCl 
on one side of the membrane only. We thus see that the influence of an elec- 
trolytically dissociating substance on the permeability of a diffusible substance, 
despite the non-permeability of the molecule and one ion of the former, is 







THE £AIfS OF DILUTE SOLUTIONS 


2S7 


very marked, aad may, if present in sufficient quantity, even prevent the 
normal diffusion of the latter substance. 

As Donnan pointed out, this phenomenon must play an important r61o in 
physiological processes where the pre.sence of the non-dialyzable anions of the 
salts of the proteins, etc., may modify the diffusibility of ordinary inorganic 
substances which normally arc capable of diffusing through the cell membrane. 

Physiological investigations have led to the view that the membranes of 
many cells show a peculiar elective iiermeability for ions which is not related 
to any colloidal character of these ions. Thus llober' concluded that the 
cells in general showed a variation in permeability towards the anions and 
cations. The problem of the selective adsorption of drugs by the cells and 
the influence of electrolytes on this n<lsorption i.s but one of the many practical 
applications of the Donnan Membrane biquilibrium in the medical sciences. 

Osmotic Pressure and Membrane Equilibrium; .4s a result of the unequal 
distribution of XaCl on the two sides of the membmne considered above, the 
observed value of the osmotic pressure of NaR is not the true pressure, since 
the latter is opposed by the pressure exerted by the excess NaOl on the other 
side of the membrane. Assuming conqilcte dissociation and equal volumes of 
solution on both sides of the membrane and letting Ci be the concentration of 
NaR, Ft, the true osmotic pres.sure of the NaR, will be given by the equation 

/>„ = 2c,RT, 

since the total concentration of ions from r, mole.s of NaR is 2ci, each molecule 
of NaR dissociating into Na-^ and R". If /' is the counter pressure duo to 
the unequal di.-.tribution of NaCl, 

P = 2(c, - X - x)RT, 

since the concentration of ions from the NaCl in (2) is 2(ci - x) and in (1) is 
2 x, and hence the excess concentration in (2) is 2(c, - x - x). 

The observed osmotic presstire 

p, = Po - f’ = 2R7’[c. - (cj - 2x)], 

whence 

Cjjy (c, - 2x) _ 

P c, 


But 


Cl + 2cj 


which, when substituted in the above equation, gives 
Pi _ Cl + c» _ 

Pa Cl + 2ci 

■ Hober, Phy«ikiUisehe Chemic dor Zclle mid Cewelw. Leipzig. 1922. 
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The numerical relationships between the observed osmotic pressures and 
those exerted in the absence of an electrolyte, as derived from the last equation, 
arc given below (Table XIII). 

TABLE XIII 
Osmotic Pressure Ratios 


Cl 

Pi 

Cl 

A 

Ci 

Po 

Ci 

Po 

0.1 

0.92 

2 

0.60 

1 

0.67 

10 

0.52 


The observed osmotic pressure of an electrolytically dissociated non¬ 
dialyzing substance is thus lowered by the addition of an electrolyte with a 
common ion, ns has been experimentally verified.' 

Efiect of an Electrolyte without Common Ion: The above-described effect 
in the case of NaCl and NaR is not limited to such cases where we have an 
ion in common between the electrolyte and non-dialyzing substance, but may 
be extended by a similar treatment to cases such .as NaR and KCl where no 
such common ion is present. 

Beginning with initial concentrations as represented in Fig. 30, the ions of 
KCl will diffuse from (2) to (1) and the ions of NaCl thus produced in (1) will 
then diffuse from (1) to (2), to bring about the equilibrium state repre.sented 
also in Fig. 30. The algebraic subscripts denote ionic concentrations. To 


Jlf U 


Na K 

/I 

K CI Xa+ K+ Cl- R- 

/] 

Cl Cl 

/ 

C 2 Ci Cl - z .V y Cl , 
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/ 

(1) 

/ 

(2) (1) 



M’ .If' 


K+ 

Co — r 


( 2 ) 


Na+ Cl- 
z Co — y 


Initial Condition 


EiUnlihriuni Condition 

I'lo. 30 


satisfy the conditions necessary for electric neutrality, z mu>.t be equal to 
X — y, i.e., z, the number of moles of Na'^ transferred from (2) to (1), must equal 
the algebraic sum of x, the number of moles of K'*’ transferred from (2) to (1) 
minus y, the number of moles of (Cl~) transferred from (2) to (1). 

By a consideration of the work done in small virtual isothermal and re¬ 
versible changes in the system, we obtain three pairs of variations; 

, f in mol, Na+ (1) -> (2), 

lanmol. K+ (2)^(1), 

• Donijftn and Harris, J. Chnn. St>c., 99. 1554 (15)11). Doiinnn and .411mHnd, ibid., 105. 
104 (15)14). Donimn and Garner, ibid., 115, 1313 (15)19). Bilta, Z. phyaik. Chem., 83, 
625 (1013). 



in which 


THE L^IVS OF DILUTE SOLUTIONS 


280 


SnRTln + SuRTln = 0 
[Na+], [K+], 

and 

C^]. ^ [K^]. _ 

[Na-^Ji [K+], ■ 

2 f Jn mol. Xa+ (I)-»(2), 

I 6n mol. Cl" (l)-»(2), 

[Na+]2 [Cj-], 

2 f 6/i mol. K"*" (l)->(2), 

1 moi. Cl" (l)->(2), 

[K-].^rci-]2 

[K^]2 [CI-].* 

Combining these three results and sub.''tituting values of the concentrations, 
we get 

[xa^j2 [k^] 2 r(d-]r c. 

which relation gives us the ratio of the concentrations of any of the dialyzuble 
ions on the two sides of the membrane. 

To illustrate this distribution, let u.s eon>i(ler the ca.sc in which - = 100 

C: 

and therefore r = 101. Tlie changes taking jdace will be: 

1. A diffusion of 90 per cent of flu* K'^ initially present in (2) to (I). 

2. A diffusion of only 1 per cent of the (d” initially present in (2) to (1). 

3. A diffu.sion of 1 per cent of tlio Na* initially in (1) to (2). 

The presence of the NaR has markedly affected the normal distribution of K('I 
on the two sides of the membrajje, having produced a preferential effect whereby 
practically all the cations of the diffusihh? electrolyte have been attracted 
through the membrane an<l hence show an extraordinary permeability, wliile 
the anions on the other hand are expelled. 

Hydrolytic Decomposition by Membranes: If we con.sider the effect of 
having an aqueou.s .solution of Xall on one side of tlic membrane and pure 
water on the other, we find that the XaR will be hydrolyzed. Tlie Na'*’ will 
pass through the membrane since the latter i.s permeable to it, and in order to 
maintain electric neutrality, an equivalent amount of (OH~) from the hydrolytic 
dissociation of water will diffuse in the same direction, so that the initial and 
final conditions are represented by Fig. 31. In other words, .side (1) will be- 
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Initial Condition 


Fio. 31 


Equilibrium Condition 


come acid while side (2) will become alkaline, the salt NaR having been hy¬ 
drolyzed in the process. By following the same considerations as were em¬ 
ployed in the development of the previously discussed processes, the extent 
of this hydrolysis can be expressed by the relation 

X = Vjf„Ci, 

where x is the concentration of the Na'*' that diffuses through the membrane, 
K„ the ionization constant of water, and Ci the original concentration of NaR. 
This equation is derived on the assumption that (1) and (2) occupy equal 
volumes. If, however, the volume of (2) is v times ns great as that of (1), 
we obtain the corresponding equation 

X = Vk„c’ci. 

Despite the small extent of this hydrolysis, it must take place wherever 
we have a membrane on one side of which is an electrolyte only one of whose 
dissociation products can diffuse through the membrane into the water on 
the other side as, e.g., a solution of K 4 Fe(CN)t with a CujFe(CN)« membrane. 
Not only will this hydrolysis affect the observed osmotic pressures of elec¬ 
trolytic colloids but this process also explains the observed removal by dialysis 
of only one of the ions of an electrolyte adsorbed by a gel. In this case the 
get acts as a membrane and if it is permeable to only one of the ions of the 
electrolyte, this one will pass through and, by continued dialysis, be entirely 
removed, leaving the other in the form of an acid or base, depending on whether 
it was the anion or the cation of the electrolyte originally present. 

Donnan’s theory of membrane equilibrium has also been widely and success¬ 
fully applied in consideration of the membrane potential difference existing 
when equilibrium, as brought about by the membrane, has been attained.' 
Inasmuch, however, as tliis phase of the subject belongs to a consideration of 
colloids rather than of the laws of dilute solutions, it will not be considered 
further here. 

> See, for example, Loeb, Proteina and the Theory of Colloidal Behaviour, McGraw- 
Hill Co., 1921. 
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HOMOGENEOUS EQUILIBRU 

BY GRAHAM EDGAR, Pli.D,. 
Professor of Chemixtry, Unicrisity of Virginia 


Our knowledge of eiiuilibriuin and of the “Law of Ma.s.s Aelion" hn.s its 
beginnings very early in the history of the science, originating in s])eculiition8 
of early investigators as to the cau.se of chemical action. In the “Tables of 
Affinity’’ of Berginann ‘ we find no conception of e(|uilibrium save that of the 
reversibility of reactions under different phy,sical conditioirs, ns shown by the 
somewhat different order of the “Affinities” of the elements “in fire” and 
“in water,” Wenzel’ suggested shortly afterwards that quantity nr con¬ 
centration a,s well as chemical nature affected the rale of chemical action, but 
this suggestion, which might have had important results, was a|)parently un¬ 
noticed until long afterwards. 

The next important step in the development of the subject came in 17!)9, 
when Berthollct ’ read certain papers on chemical affinity in which he suggested 
that large quantity of a material might overcome a weak affinity, and pointed 
out that the sodium carbonate deposits of Bgypt might have been formed from 
calcium carbonate and salt, the great masses of the latter serving to reverse 
the usual reaction. This is certainly very nearly a “mass law,” but un¬ 
fortunately Berthollct himself confused the situation by maintaining that mass 
could affect not only the direction of a reaction hut also the ratio in which the 
substances combine. This brought him into immeiliate conflict with the law 
of definite proportions, ju.st then being placed on a firm experimental basis, 
and in the ensuing controversy Berthollet’s conclusions were discredited. 

The next advances began to appear, as has been true so fre(|ucntly ill all 
science, when quantitative experimental investigations began to supplement 
hypothetical assertions. The investigations of Rose < suggested the importance 
of quantity in affecting chemical action: Wilheliny ‘ made the first quanti¬ 
tative studv of the rale of a chemical reaction; Malaguti • showed that many 
reactions are reversible, and others added individual facts upon which a theory 
could be built. 

IT. Bergiikann. Dc Altractionibus Electtiorn. t-p-sttla (1775). 

*C. F. Wenzel. Lehre von der VenA’andschnft. Dreadcn, 28 (1777). 

»C. L. Berthollct. Memoirs XaiioruU Institute, 3 (1799). 

*Pogo. Ann.. 55.417 (1842): 82.545 (1851); 94. 481 (1885). 

*Po(fO. Ann., 81. 41.3. 499 (1850). 

• Ann. Chm. Phya., (3) 37. 198 (1853). 
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Finally Berthelot and St. Gille.?' carried out an extensive investigation 
of the equilibrium between acetic acid, ethyl alcohol, ethyl acetate, and water, 
and showed that their data could be represented mathematically by the 
identical expression which the present “Mas.s law” would give for this reaction. 

It remained, however, for Guldberg and Waage “ to enunciate the gener¬ 
alization which cxpresse.s essentially what is commonly called the ‘‘law of 
ma.s8 action” of to-day, and to point out clearly the general reversibility of 
chemical reactions, and the conditions which exist at equilibrium. Guldberg 
and Waage stated e.ssentially that the rate at which a substance reacts is 
proportional to its “active mass,” and that the rate of a chemical reaction is 
proportional to the product of the active masses of the substances reacting; 
thus, if we consider the reaction, 

A+H = C + D, (1) 

the rate of the reaction at any given time, from left to right, is given by the 
expression 

Vi = ffi X Aa X An, (2) 

where Aa, etc., represent the active masses of A and B present at that time. 

If the reaction is reversible, the rate of the opposing reaction is then 

V.= K,X Ac X An. (3) 

If both reactions occur simultaneously, a condition will eventually be reached 
in which Fi = Vi, when, from equations (2) and (3), we have 

^ = A- = . (4) 

El Aa X An 

Equilibrium is thus considered as a dynamic condition, in which two opposing 
reactions occur at equal rates, and the “equilibrium constant,” K, is simply 
the ratio of the two separate velocity proportionality constants. 

Guldberg and Waage recoginzed the difficulty introduced by the use of 
the term “active mass,” and pointed out that apparently “molecular con¬ 
centration” couhl be substituted therefor in the case of dissolved or gaseous 
substances, and that the active ma.ss of a solid may be considered as constant. 

The CoNDiTio.v of EquiLiimiuiu in a Chemicai, Reaction 

The Reversibility of Chemical Reactions: Since the time of Guldberg and 
Waage, numerous experimental investigations have demonstrated the reversi¬ 
bility of particular chenucal reactions, and have determined the condition of 
equilibrium for them under different conditions of temperature and pressure. 
Furthermore, the application of the principles of thermodynamics to the energy 
changes accompanying chemical reactions has led to very noteworthy ad- 

Mrm. Chim. Phm., (S) «5. .185 (1802); 6«. 5 (1SG2); 68, 225 (180.3). 

1 Forhandliiioer i Vahnskalis-Sclakabct i Chrintianin, 35, 92, 111 (1.S04). Etiuks lur let 
aSinittB chvmiqufs, ThriatiatijR, 1S07. 
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vances in our knowledge of the relations existing at ef|ui/ihriuni, and many 
technical chemical processes of the greatest importance owe their existence to 
these advances in theory. Ncvertlieless, there has existed in (lie lileniture 
frequent confusion concerning the fundamental theories umlerlying the subject. 
Simplifying assumptions have been ma<le when they could not be expected to 
be valid; and “laws” containing these assumptions have been widely used, 
sometimes without apparent realizatimi of tlie nature of the assumptions in¬ 
volved. The failure of experimental data to conform to these simplified 
principles has then in many cases led to an unjustified lack of confidence in 
the fundamental theories involved. Inst<‘ad, therefore, of considering the 
subject historically .since the time of (Inldberg and \Vaag<‘. it seems jncferable 
to treat in this section the subject of chemical (‘quilibrium from a limad general 
viewpoint, and to illustrate its aefual application to particular cases in a later 
section. In this treatment we shall speak contiiiiially of “reversible” reac¬ 
tions. In the older literature this term is fre(|uenlly used with reference only 
to reactions which may liave been experinn'idally earned out in opposite 
directions. Whereas this use of the term may serve as a eoiivenient method 
of distinguishing such reactions from those wiiieii go to appar('nt cmnphdion 
in one direction, tliere is no naison to ladievc* that any re.aelion is not reversible, 
at least for the purjxise of thooiadieal eoiisiih'ration''. 1 he fact that an «Mpii- 
librium may lie so far on the side of eoiiiplete ri'actioii in tme dinwtion as to 
fail of experimental measurement, or the fact lliat the mfe of chemieal reaction 
in a given case may be so slow a^' to prevent the establishnieiit of equilibrium 
under the conditions investigated, ne<Ml not prexent ns from considering the 
condition which must prevail at equilibrium in these same reactions. We 
shall, therefore, consider every reaetion a- nnersible, ami as proceeding eventu¬ 
ally to a state of equilibrium, which will be defenmned by the temperature, 
the iircssure (and perhaps other energy bictm-s), and the proportions of the 

reacting substances. . i • i 

Chemical Equilibrium from the Standpoint of Kinetics: As imlicated in the 
introductory pariiRniplis, tl.c .M:o. Ian " as .Icriyc.l by (lublh.'rK an.l WaaK- 
was based c.-scntially upon consideration of flic kinetics of cbeniical relictions. 
It may be noted that for a reaction hclwci'ii dilute nases a slatenient .siniiliir 
to the ecpiation (4) may be derived from tlieorelical eonsiderations, liiised 
upon the kinetics of moving particles and simple assumptuiiis concerning the 
relation between the collisions of the reading species and their comhination. 

I.et us consider the reaction 

aa-b = U + 0, 

where .4, B, C, and D arc dilute gases. Let u.s then assume that the number of 
reactions per unit of time between .1 and II is proportional to the number of 
collisions of molecules of A and II in the same time interval. The nnmter of 
collisions i,s obviously proportional to the i.roduct of tlic number of molecules 
of .1 and the numiter of molecules of B present in unit volume, or to the product 
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of their partial pressures; thus N, = K X Pa X Pb' Since the rate of the 
reaction between A and B is assumed to be proportional to N„ we have 

F, = iC, X Pa X Pb, 

where Y\ is the rate of reaction at a given time, and Pa and Pb the partial 
pressures of A and B at that time. 

Similarly, 

V 2 = K,X Pc X Pd- 


At equilibrium Fi = Fj, hence 


El = jc — . 

E-t Ra X Pb 


( 6 ) 


If the partial pressures are taken as the “active mass” which is in accordance 
with the assumptions of Guldberg and Waage, equation (6) is identical with 
equation (4). 

Let us con.sidcr the general reaction 

aA -f- bB = cC "b dl) * • •. 


Since the number of collisions of o molecules of A and 1/ molecules of B iier unit 
of time is given hy Ne = K X Pa‘ X Pb'‘, we arrive, by reasoning similar to 
that just given, at the expression 


^ = V = Pc" X Pp'' ■ • • _ 
K, Pa^XPb"---' 


(7) 


This equation will be later derived for reactions between dilute gases, from 
thermodynamic considcration.s. 

The equilibrium constant may thus be regarded, in accordance with the 
views of Guldberg and Waage, as the ratio between the two velocity constants. 
Obviously, it should then be calculable from measurements of the two separate 
reactions. This has, however, seldom been done, as the direct determination 
of the equilibrium constant is usually more readily accomplished than the 
measurement of the velocity constants. The relation expressed in equation 
(7) has been used, however, to determine the velocity constant of a reaction 
from measurement of the equilibrium constant, and the velocity of the reverse 
reaction.* 

Since the equilibrium constant is, as shown above, determined by the nature 
of the reaction as expressed in the equation, while the velocity of the reaction 
frequently follows a quite obscure course, it seems better on the whole to con¬ 
sider the equilibrium conditions from the thermodynamic view rather than 
from the kinetic view. 

Chemical Equilibrium from the Standpoint of Thermodynamics: The laws 
of thermodynamics give many relations between the energy changes occurring 

1 For an example of this compare Bodenstein, 2. phytik. Chem., 100, 68 (1922). 
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in ‘'reversible processes” or, in other words, processes conducted in such a way 
that the system is maintained throughout in a state cssentlaliv that of equi 
librium; or, in such a way that the direction of tlio change can'bo reversed by 
the expenditure of an infinitesimal quantity of energy. If we grant that 
chemical reactions are reversible, and that a condition of equilibrium may 
exist between the reacting constituents, it is clear that ue mav apply to sucii 
reactions the laws relating to reversible processes, provided always* that we 
may conceive of a mechanism by wiiich tlic change can be carried* <.ut under 
proper conditions of equilibrium, biiicc tlie energy changes accoinpunyiug a 
reversible process are determined in general by the initial and final states of 
the system, the deductions of thermodynamics have the advantage that they 
are independent of the mechanism by whicli the change is brouglit about. 
This, of course, involves the drawback that j)roof of tlie mechanism of the 
change cannot be derived from the final n’sulfs by thermodynamic reasoning. 
In applying the principles of thermodynamics to a chemical reaction, tlterefore, 
we are concerned with the relations wliich exist between the proportions of 
the reacting substances at the equilihrium couihtioa, and not with the mechanism 
by which the condition of equilibrium was attained. 

In order to measure the maximum work and tlie free energy decnaisc' ac¬ 
companying chemical reactions we shall fre(iuently wish to carry out a process 
involving the transfer of a ga.s from one pres.surt' to anoflu'r, or of a .solute 
from one concentration to another, the process being conducted rf'versibly 
throughout. 


If we coiiftider i\ inol. nf gas at prosMiro l\, tlie m.aximutn work .1 wlurli the gas ean 
do in changing to pressure Pi i.'? gnon hy lln' oniiition 


Remembering that 
we may write equation (8) 


+ fyt-c = J'l/. 

/^Pi 

A = P:\\ - /'iT, - I Vdp. 

Jpi 


(«) 


(«) 


Mow the free energy incre.a^e AF af’cnnipiiiijiDg a given ehange ia related to the maximum 
work by the equation 

-AF =* A ~::pav. (10) 


where ZPAV is the net increase in the preMsurc-volumo product which aceompunics the 
change in question. 

Combining equations (9) and (10), we obtain 

Af’« C'vdP. (U) 

•L‘i 

If the gs8 is a perfect gas, we have PV = RT, and PtVt PiVi, so that 
A « ~ AF RTlny ^ RTln ^ - 


(12) 



296 


A TREATISE ON PHYSICAL CHEMISTRY 


A and — arc, thus, in this case identical; they are also identical for any change in which 
the volume is constant; and they are frequently very nearly equal numerically. Nevertheless 
it is Af' and not A that is the thermodynamic quantity of greatest importance in considering 
the condition of equilibrium, for the essential condition of a system in equilibrium is that 
Af’ “ 0 (see Chapter II). 

If chemical reaction were in general carried out at constant volume, it would 
be evid(!ntly immaterial whether we calculate A or b,F, as the two are then 
equal, but it is nearly always the pressure that is maintained constant and not 
the volume, so that A and AF are apt to differ numerically. We shall, there¬ 
fore, consider (jnly the free energy increase accompanying given changes in 
state and not the maximum work. 

If we wish to consider the free energy increase accompanying the transfer 
of a solute from one concentration to another, the calculation may be made as 
follows: If the solute obeys Henry’.s law, that is, if its partial pressure above 
the liquid is proportional to its mol. fraction, we may transfer it from one con¬ 
centration to another by a three step process. 

1. The first step will be to vaporize one mol. of it from a very large quantity 
of the solution of mol. fraction Xt at its partial pressure P, (= KXi). Since 
the system is in ccpiilibrium during this process, AP, = 0. 

2. We may then change the pressure reversibly from Pi to Pt(= KXt}. 
The free energy increase for this step is (equation 11) 

AP,= f” VdP. (13) 

Jpi 

3. Wc may then introduce the vapor into a large quantity of the solution 
whose mot. fraction is A'-, and since this also involves a system in equilibrium, 
AF, = 0. 

The entire free energy increase is then given by AF -, and if the vapor obeys 
the gas laws, w'e have 

AP = /er lit RT In— ■ (14) 

Pi A1 

Similarly, if the solution obeys Henry’s law, and is also so dilute that the 
mol. fraction is jiroportional to its molecular concentration, or to its molality 
(concentration in mols. per 1000 grams of solvent), we may write, for a change 
from Ci to Cj or from M, to M,, 

P, Af. 

AF = RT In -■ AF = RT In —" • (15) 

Cl A/i 

The relations which must exist at equilibrium in a chemical reaction may 
now be simply derived for cases in which the laws of perfect gases or of perfect 
solutions are valid. 

Derivation of the Mass Law for a Gaseous System: Let us consider the 
following reaction between the substances A, B, C, and D, etc., according to 
the equation 

0.4 H- 6B • • • = cC -b dD • • •. 
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Let us take two different equilibrium systems I ami II, at the same temper¬ 
ature, produced by allowing two different mixtures of the reacting substances 
to come to equilibrium, and let these two systems be so large that removal of 
small quantities of the reacting species does not alter their composition ap¬ 
preciably. Furthermore, let us suppose the two systems to be contained in 
vessels provided with membranes permeable only to .1, B, C, and /), respec¬ 
tively, leading to cylinders provided with pistons, by means of which any given 
component of the mixture may be withdrawn or added to either sysliun. 

Step (1). Let us withdraw from reservoir (1) n mols. of .1 and h mols. of B 
at the partial pressures P,, and P,„, at which they are present in the eipii- 
librium sy.stem (I). The free energy increase for this step is evidently zero, 
since the condition of equilibrium is not measurably disturbed. 

Step (2). Let us change, reversibly, the pre.ssures of the tun gases to 
P-j and P 2 ^, at which they exist in the second equilibrium systiMii. The free 
energy increase for this step is evidently, since the gas lavs are obeyed, 

p, /), 

AF, = iiRTlii -f bRTlii ■ (Ifi) 

p p U”, 

'.I ' 'll 

Step (.3). We may now introduce the gases into fh(‘ (‘qiiilibrinm system II, 

and since this does not measurably di-tiirli tlii' eiiuilibrium, we have again 
zero free energy increase. 

Steps (4), (5), and fO). Let carry out a siniiiar series of steps by which 
we remove c mols. of C and d mols. of I) from system 11, change fiieir partial 
pressurc.s from P-,^ and P^j^ to P\f. and and introduce tliem into system I. 
The total free energy increase is then, as al)<i\e, 

P P 

AF, = cHTln + dHTlu • (17) 

Steps 1, 2 and 3, and 4, o, and 0 an* sipiposed to he carried out at corre¬ 
sponding times, and .so slowly tliat the .1 and li removed from system I react 
in system II to replace the (’ and I) which iiavi* been remove*! therefrom, wliich 
in turn react in .system 11*) birin .1 and P. If tin's has been the case, the entire 
composition of each system is just what it was at the beginning of the process, 
and a.s each stop has been carried out isotliermally and n^versibly, the total 
free energy increase must bo zero ((.'hajiter II). 

Therefore, 

A/'h + AA’a = 0, 

and, from equations (16) and (17), 

P- Pi P\ P 

ttRTln ~ + bRTln ~ + cRTln -b dRTln — = 0. 


(18) 



298 


A TREATISE ON PHYSICAL CHEMISTRY 


Or, rearranging, 


PieXPio-- 

Fi.XPl- PI,XP\b-’ 

(19) 

P'lc X Pip- • ■ _ P'lf, X Pip- - - 
pi^xPip---~ n^xp\p--- 

(20) 

Pc‘ X Pd‘‘--- _ ^ 

Pa" X Ps''- • • 

(21) 


Equation (21) is identical, for a dilute gaseous system, with the mass law 
of Guldberg and Waage, and with that obtained previously (equation 7) 
from kinetic considerations.’ 

Equation (21) was derived for a dilute gaseous system. If, however, we 
consider the reaction as occurring between substances in solution, we may 
readily derive a similar equation tor any substance in solution whose vapor 
obeys Henry’s law and the simple gas law. The procedure is identical with 
that employed in deriving equation (21) except that the two equilibrium 
systems are liquid, and the transfer of each solute from one concentration to 
the other is done by first vaporizing it from the solution. The free energy 
ehange for each mol. transferred is given by equation (14), and the final result 
is that 

Similarly, if the solution is quite dilute, we may write (compare equation 15) 

K = ^ ■ ■ • (23) 

X Cb"- ■ • 


Equations (22) and (23) may also be derived by consideration of the osmotic 
work involved in the transfer of material from one concentration to another, 
making use of the relation that Po = CRT, where C is tlie molecular con¬ 
centration. 

Equations (21), (22) and (23) constitute the mass laws ordinarily employed. 
They express the relations which may be expected to exist at equilibrium at' 
any given temperature, provided the reacting substances are gases sufficiently 
dilute to obey the gas laws, or ideal or sufficiently dilute solutions. Now the 
gas laws are actually approximately valid for a large number of gases under 
conditions in which they are apt to occur in chemical reactions, but the ideal 

' Note: In writing niass law eipressiona, It has become an established convention to write 
In the numerator the partial pressures, conoontrationa, etc., of the substances appearing on 
the right hand side of the chemical equation. In order to avoid confusion, this procedure 
should be rigidly followed. 
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solution laws are valid for only a very small traction ot the solutions which are 
apt to be employed. If the simple laws are not assumed, it would be necessary 
to know the “equation of state” of each reacting substance in order to derive 
a statement of the concentrations which might be expected to prevail under 
different conditions of equilibrium. The derivation of a .simple mass law in 
terms of partial pressures, concentrations, etc., in the case of a general reaction 
between gases, liquids and solids, and assuming no equations of state, cannot 
be accomplished. For many purposes it is convenient to consider the question 
of equilibrium in chemical reactions from the standpoint of the activiliea' of 
the reacting species. 

The activity is defined essentially by the equation 

Fa = RThWA + Ca, (24) 

where Fa is the raolal free energy of the substance .1 under given conditions, 
Ox is its activity, and Ca is a constant which may be arbitrarily defined. (In 
Lewis and Randall, Ca is called fo, “the molal free energy in the standard 
state,” the “standard state” of a substance being selected arbitrarily for 
different types of reaction.) A full discussion of this useful function will not 
be given here, but it niay be jrointed out, in order to illustrate the general 
nature of the “activity,” that the activity of a perfect gas is erpial to its pres¬ 
sure, and for any actual gas the activity apirroaches the pressure as the gns 
becomes dilute; the activity (jf a .solute is equal to its mol. fraction when the 
solution is sufficiently dilute. In the ca.se of a<|ueous .solutions the activity 
is frequentlv defined to airproach the molality instead of the mol. fraction when 
the solution becomes dilute. If it i.s desired to visnali/.e the term, it may per¬ 
haps be thought of as the “apparent coneenlrntion" or "effective concentra¬ 
tion" which may not be identical with the actual concentration. 

The increase in free energy when a substance changes from one set of condi¬ 
tions to another is given from cejnation (lit) by the equation 


where a, and nr' represent the activities in the initial and final sta e» respec¬ 
tively, and AFa represents the increase in free energy accompanying the change. 

Derivation of the Mass Law in Terms of Activities: Let us consider again 
the general reaction 

aA+bli--- =eC + dI)---, (26) 


where \ B C and D may bo either gase.s, di.ssolved substances, liquids or 
solids. ‘ The’ es.sential criterion that a condition of equilibrium exists in any 
process at constant temperature is that the free energy increase for the process 
shall be zero. For the reaction (26), at the condition of equilibrium, the sura 
. See Chapter XII. and Uwt, an,I Randall, Thermodynamic, and OhcmUlry (McOraw- 


HmCo., 1923). 



300 


A TREATISE ON PHYSICAL CHEMISTRY 


of the molal free energies of A and B must be equal to the sum of the molal 
free energies of C and D] that-is, 

oFa + bFB--- = cFc + dFo---. (27) 

Combining equations (24) and (27), we have, if we consider the activities of 
the reacting substances in the equilibrium mixture, 

uRTlnttA 4" nCa 4" bRTlnu/t 4" bCu • ■ • 

= cRTludc 4" cCc 4" dRTlnao 4" dCo 
or 

nc’ X (Id''- • • 

«Ca 4- bCs - cCc - (ICd = RTln -r—. 

da” X an*'- • • 


... ( 28 ) 
(29) 


Since the quantities on the left hand side of the equation are constants, fixed 
by the definition of the standard state, we may for any given temperature 
write equation (29) 


^ nc' X no'*- 
“ “ X a,,*- ’ 


(30) 


where Ka may be called the equilibrium constant in terms of the activities of 
the reacting constituents. Thi.s equation lias been derived without any 
simplifying assumptions and may be regarded ns perfectly general for any 
chemical reaction whatever. 

It will be noted that equation (30) is quite similar to that originally proposed 
by Guldberg and Waage (4) except that the (luitc indefinite term “active 
mass” is replaced by the thermodynamically defined term “activity.” In 
order to express e<iuatiou (30) in ternjs of some experimentally measurable 
composition term, we must find a relation between the activity of each con¬ 
stituent and its partial pressure, mol. fraction, concentration, etc. 

Fortunately, in many cases, relationships exist which enable us to derive 
approximate “mas.s laws” for practical application. Thus, for dilute gaseous 
systems, we have the activity approximately equal to the pressure, and by 
substituting in cfination (30) P = a, we obtain 


_ Pc’ X Pd''- - - 
^'■“Pr XPn*'- -- ’ 


(31) 


which is evidently identical with equation (21) previously derived for ga.seous 
systems. Since [lartial pressure (partial pre.ssures should always be expressed 
in atmospheres), is defined by the relation Pa = XaP, where X repre-sents mol. 
fraction and P total pressure, we may also write 


A-,= 

or, at any given pressure. 


-\V_X -Yd-' 
-Ya” X Xb’ ^ 




_Ye«_X_YD" 

‘ Y^"XYd‘’ 


(32) 


(33) 
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K.= KpXP^-^--^. (3-1) 

Since for dilute gases we also have the rolafi'oii'Ji//) PV - \RT, and 
~ - C, the concentration in inols. per liter, eiiunliuir ('.W) may he written 
' y 

whence 

(35) 

‘ (V X ('«'>• • • 

Combining equations (34) ami (30), wo obtain 

e..K.. (?-:)"*"-‘V 

The numerical relationships between the threi' e..n-tnnts are giren by 
equations (34), (30) and (37), from which it is clear that when « + h c 4- - 
the three constants are numerically ecpial. 'Ihe selection of a |)aiticuhir 
equation in any given case depends frequently upon coinen.ence in considering 

*''^1^4muld helioteil that K„ and A', are independent of Ihe pressure, within 
the limits in which the gas laws are oheyed. At high ... of the 

equations may he expected to he exactly valid i,,,,,,. 

In applying equation (30) to eqiiilihriuin in honiogen.is liqnn s s|, ms, 

we find in general much greater dillieulty ,n relating the activity o he loii- 
stituents of an equilihriun, mixture to their conceiitralion than is true in tin 

'“'lifthetase of a “perfect solution,” we may equate the activity at atnn.- 
pheric pressure to the mol. fraction, and obtain an equation ideiilical with 

equation (32), or 

__ -VC X -Vi;'" - ^ 

' AY X -V,,*-• • 

Remembering that the concentralioi, in ,n»|s. per liter is related to the mol. 
fraction bv tbe equation 

C=.vxi. (39) 

where T is the total volume and .V the total number of rnols. 
different, or .solvent, mols.) contained ther<.|n, we may write eipiation (.18) 


Ce'X /VVsW—« 


K c A. _ Y - 

Crs'xC/-" VI 
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If the number of indifferent mols., say of solvent, becomes quite large in 
comparison with the number of mols. of reacting constituents, neither V nor N 
will change greatly with changes in the concentrations of the reacting species 
and we may write, for a dilute solution. 


Cc‘ X C p^--- 
er X ' 


(41) 


In aqueous solution, many data are at present available in the form of 
molalities, or mols. per 1000 grams of water. The molality is related to the 
concentration by the equation 

M=C-p (42) 


where k is the number of kilograms of water contained in V liters of solution. 
Obviously, in dilute solutions, Vjk approaches unity. 

If wc substitute molalities for concentrations in equation (41), we obtain 


K = X Mn''— / r 

' \k) 

or 

^Mc°X Mp*- ■ • 


(43) 

(44) 


Equations (38), (41) and (44) are most frequently employed in the treatment 
of equilibrium in homogeneous liquid media. 

The numerical relations existing between the constants A'„ K„ and K„, 
for equilibria in licpiid media, are evidently 

\ (c-t-</—a—6) 

t) - 

( y \ (c+rf-o-6) 

f) • 

When a + li = c + d, the three constants are numerically identical, while Ke 
and K„ are very nearly identical for any dilute solution. 

It is difficult to predict the extent to which equations (38), (41) and (44) 
may be expected to be valid in any given case. Many organic substances, 
particularly those similar in chemical constitution, generally approximate to 
the behavior of “perfect solutions” over a wide range of concentrations. On 
the other hand, solutions of highly ionized substances are so far from “perfect” 
that their behavior deserves special treatment (Chapters XI and XII). In 
general, the more nearly alike in composition substances entering into reaction 
may be, and the more dilute the solution in which they react, the more nearly 
the mol. fraction or molality is apt to measure the activity, and the more nearly 
the equilibrium laws of solutions are apt to be valid. The subject will be 
treated further in a later section. 



303 


HOMOGE^^EOVS EQUILIBRIA 

( 

We have gone into the various equilibrium constants in considerable detail, 
because considerable confusion sometimes results from the use of different 
“mass laws” without an understanding of the assumptions underlying their 
derivation, and of their relations to each other. AH of the e()untions evidently 
express relations whicli represent a limiting condition winch may be approxi¬ 
mated under actual conditions. 

In pages 206 to 302 wo have derived a series of mass law.s identical with those 
derived directly in pages 202 to 201, and actually involving identical assump¬ 
tions concerning the behavior of the reacting constituents. The difference 
has been only one of method. Kquations (33), (3r)), (37), (3S), (41) and (44) 
were derived from the “universally valiil” ecpnition (30) by means of essentially 
the same simplifying a.ssumptions that were employed in the preceding 
section. 

It may be objected that when we .•'peak of eciuation (30) as “universally 
valid” we are reasoning in a circle, as it is vali<l only because of the definition 
of the term “activity," and that since no simple general ndation e.xists Ix'tweon 
the activity of a substance and its pressure or concentration, the equation has 
no real significanee. In a sense this is c('rt.ainly correct; nevertheless, there 
are important advantages in the u.se of the “activity" in the treatment of 
equilibrium. 

If we do not utilize some such function, \\e can only derive various “mass 
laws" valid for limiting conditions, and in any actual case outside of these 
conditions we can only say that “the mass law does not hold." The use of an 
equation which is universally valid accomplishes several purposes. In the 
first place it emphasizes the Iirnitathuis that are actually involved in all of the 
simpler mass laws, and these limitations are fre(|iiently overlooked; it furnishes 
a convenient basis for tlie investjgatif)n of e<piili])rium in cases in which the 
simple mass laws do not apply (particularly in such ca.‘ies as involve liiglily 
ionized substances); and, in mathematical treatment involving the combination 
of different reactions, it furnisiies an expression whicli may be combined with 
other similar expressions without invdiving assumptions which might be easily 
overlooked and wliich might coinplirati^ the mathematical treatment. Further¬ 
more, the use of equation (30) enipha.-'ized the tliermodynainic view that the 
condition of e<iuilibrium is defined by the statement that the free energy in¬ 
crease at equilibrium must be equal to zero, ami tliat any mass law is directly 
or indirectly an expression of this fact. 

We shall therefore regard etpiation (30) as “the mass law," altliough we 
actually employ in most cases the simple equations derived therefrom. 

The Increase in Free Kneugy A(<oMeANYiN(i a CnriMicAL Reaction 

The increase in free energy accompanying a chemical reaction is an im¬ 
portant thermodynamic function, which will be employed in later sections of 
this chapter in the derivations of relations expre.ssing the variation of the 
equilibrium constant with the temperature and prcs.sure. In order to calculate 
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the increase in free energy for any given chemical reaction, we must devise a 
mechanism by which, theoretically at least, the reaction can be caused to occur 
isothermally and reversibly. 

The Free Energy Increase in a Reaction between Dilute Gases: Let us 
consider the reaction 

^cC + dD-", 


in which the reacting substances are dilute gases. Let the initial partial 
pressures of and li be represented by Pa and Pn, and the final partial pres¬ 
sures of C and D i)y Pc and Pp. 

We wisli to carry out the reaction in a series of isothermal reversible steps. 
Let us imagine that a mols. of the substance A and b mols. of B, at partial 
pressures Pa and Pn, respectively, are contained in separate cylinders fitted 
with frictionless pistons, and provided witli membranes, wliich can be opened 
when desired, permeable only to A and B, respectively. 

Let us also imagine an indefin¬ 
itely large reservoir containing A, B, 
C, ajid 7) in the proportions in which 
they exist in chemical equilibrium, 
their partial pressures being Pa^ 
Pit, Pc, and Pp', respectively. 
The semi-permeable membranes (d 
the cylinders of A and B open when 
<lesired into this reservoir. Similar 
membranes permeable only to (' and D are open to cylinders which are to con¬ 
tain these substances. A diagram of the arrangement is given in Fig. 1. 

Step 1. —(diange the pre.ssure of A, in the cylinder containing it, isothermally 



PJ’a: 

and reversibly from Pa to Pa, involving the increase in free energy, a I VdP. 

Jca 

Change similarly the j)artial pre.ssure of B from Pn to Pn', with the free energy 


1 


VdP. 


Step i?.—Open the connections of the cylinders of A and B into the equi¬ 
librium reservoir, and introduce through the semi-i)ormeablc membranes a mols. 
of A and b mols. of B, at their partial prc.s.sures P/ and Pn- 

Simultaneously withdraw from tlie reservoir c mols. of C and d mols. of D, 
at the partial pre.ssures Pc' and Pp'. During this proce.ss the A and B intro¬ 
duced into the reservoir react to form C and /), thus keeping the composition 
of the reservoir only infinitesimally different from the equilibrium condition. 

Since the partial pressures of A, B, C, and D in the cylinders were equal 
to the corresponding pressures in the reservoir, none of the processes occurring 
in Step 2 have involved any change in free energy. 

Step 3. —Change, isothermally and reversibly, the partial pressures of C 
and D in the cylinders containing them, from Pc' to Pc and from Pp' to Pp, 
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respectively. This involves the free energy increases r I IVPaiulrfl VdP. 

The net result of steps (1), (2), aiul (3) is the occurrence of the chemical 
reaction a> required by the reaction (‘<juntioii and each step has been 
carried out isotheriually and reversibly. Tlie ."um of the various fre(* energy 
increases must be, therefore, tlie total free energy increase of the reaction, 
which H tlie quantity wliich ue desired to deri\e. We may then write 

r‘’A r'‘r r>’D 

Af = 0 WIP 4- h VilP + c WIP (I VilP. 

Jr If Jr,.' Jrj,' 

Xr»w. if the gases are suHiciently dilute fur the gas laws to l)e valid, we may 
write 

AF = ulim f' + hitriii + rllTh, + ilItTh, (17) 

Pa Pii Pc' Pi> 


or, rearranging. 

if = itm ^ ■ ■ - HThi 

F.FX /'I' X/'«'••• 

Rcciilliiig i‘C|U:itiiiii (31), c'c|iiMtiipii (IS) Iiitihiii'' 

F,' X I’C 

AF iiriii -irriiiK,,. 

fX 


(■IS) 

( 111 ) 


Tlip frpp piifrjjy fitr ;i ililiitp* rt'actimi exi<lctitly (Iplpniiiticd 

!it con.-taitt by tin* cptii^ijint, and by tin* itiitial ami 

final partial j)iT»uia'> i>f tin' n'actiiifr ■'pccii-'. If tli(‘ latter alionlil be each 
0(|Ual tn unity, we bare 

if = - irrinK,. (50) 

The free (Mierjiy increa'-e for a reaetmn betweini perfi-et Mibitea in snlntidii may 
be (lerh'ed in an exactly ainniar way IbtwexpT, it is preferable tn (:nnsiil(‘r 
the most jjeneral ca>e, invnivinn tlm aetixities nf the reacting species 
Let ns consider again tin' general reaction 

«d - = cf+ '(/;■••, (51) 

in which .1, li, (', and D may be siilistances in any state whatever. Let ru, 
a,,, etc., represent the activitie.s of the reactants in the siiecified initial state.s, 
and «(•, I'D, etc., the activitie.s of the resultants in the specified final .state.s. 
The corresponding activities at the eipiihbnnm stale are a.f, ii/,', «<■', anil oc'. 
Wo may imagine the reaction a.s being brought about by a nieclianism Biniilar 
to that outlined above for a ga.seons system. Hemenibering that tlie free 
energy increase in changing a mol. of substance from activity a to activity a' 
is equal to RTbi(n'jt), and that the free energy increase at the condition of 
equilibrium i.s equal to zero, xve may write for the free energy increase ac- 
11 
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companylng reaction (51) 


AF = RTln 


ac‘ X ap^-■ • 
aA° X Ob‘- • • 


-RTln 


ac' X ap'- • • 
oa' X as’'- • ■ 


This may be written, remembering equation (30), 

AF = RTln 2£l2<J^ _ RTlnK. 
ca" X aa* 


( 62 ) 

(53) 


or, for the reactions in which the initial activities of the reactants and the 
final activities of the resultants are each equal to unity, we have 

AF= - RTlnKa. (54) 


The free energy increase represents an extremely useful function in con¬ 
sidering the thermodynamics of chemical reactions. If we can determine the 
value of AF for a given reaction under given conditions, we can predict whether 
or not the reaction may occur spontaneously, since spontaneous change can 
occur only in the direction of a <lecrease in free energy. A negative value of 
AF, therefore, for a chemical reaction written in a given sense indicates that 
spontaneous reaction is possible in that sense; a positive value indicates that 
the reaction can occur only in the opposite sense. Furthermore we may 
employ equations (53) and (54) either to calculate AF wlien the equilibrium 
constant is known, or to calculate the equilibrium constant when AF is known. 
In addition to the relations expressed in equations (,53) and (54), the free 
energy increase for a chemical reaction may be determined from the electro¬ 
motive force of reversible cells (see Chapter XII), and through the third law 
of thermodynamics, from the entropies of the reacting substances (Chapter 
XVII). The calculation of free energy data by thc.se different methods, and 
the combination of the data from all sources, has yielded so much valuable 
information that it is highly desirable that systematic determinations of the 
free energy changes of chemical reactions should be made, and the data ex¬ 
pressed in unified form. In order to avoid confusion, it is necessary that 
unity of procedure sliould be followed in making the fundamental definitions 
of the quantities involved in the calculations. The most complete systematic 
calculations of free energy appear in the recent work by Lewis and Randall 
to which reference has already been made, and it seems advisable to adopt 
essentially their usage. They define the activity of a substance in such a way 
that for a pure chemical substance the activity is unity at atmospheric pressure, 
for that form of the substance stable under the prevailing conditions. For 
a solute, the activity is defined, for non-electrolytes, by the relation ajx = 1 
when X becomes equal to zero or as the solution approaches infinite dilution. 

For solutions of electrolytes a special definition of activity is employed 
which is discussed in Chapter XII. The free energy increase of a chemical 
reaction, as calculated from the equilibrium constant by equation (54), refers 
to a change of state in which either pure solids, liquids and gases occur in the 
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equation, at atmospheric pressure, or in which dissolved substances are present 
in such concentration that their activity is equal to unity. 

It should be emphasized that it is Ka which mea.surp« the free energy 
change, and not Kp, A', or A'c unless the conditiems are such that these equi¬ 
librium constants arc equal to A'a. Thus, in order to calculate free energy 
change from equilibrium data, we must either make the measurements in 
solutions so dilute, or at gas pressures low. that the activities of the reacting 
specifts are approximately given by their mol. fraetion, partial pre.-esures, etc.; 
or we mu.st make measurements over a suflioieiit range of eoneentrations to 
permit extrapolatum with reasonable certainty into the (lesire<l range of 
conditions. The calculation of free energy data and of e(iudil)rium constants 
from free energy data will be treated briefly in a later section; fetr a complete 
discussion reference should ))e made to i.ewis and Handall's Thermodynamics 
and Chemistry. 

The V.\riation of Eqiulihriu.\i ('onditio.vs with TK.\ii‘EiuTi’nK, Pressuke, 

AND ( 'o.\'('E.\TRAT10.N' 

The Le Chatelier-Braun Principle: ;V state of eiiuilibrium in a chemical 
reaction is determined by tlie temperature, tlie pressure, ami the pniportiona 
of the substances present. We wish fn*(iiiently to know, botli (jiialitatively 
and quantitatively, the change in the condition of (Mpiilibrium which will be 
brought about by a change in one or more <if the variable factors involved. 

Qualitatively, these changes may In* pre4lictod by the use of the theorem 
of Le Chatelior-Hraun, which may be staled as billows: If a change occurs in 
one of the factors determining a condition of e<piilibrium, the eipiilibriiim .shifts 
in .such a way as to tend to annul the effect of the change. From this .statmnent 
it follows that the effect of an incn'ase in temperature, all other factors remain¬ 
ing constant, is to shift an ecjiiilibrium in (he direction in whieli ahsniption of 
ke<U occurs, a.s this eJiange would tend to annul the efTeet of tlie lieat achled in 
changing the temjieraturc; the <‘ITeef of an iiicnaise in jiressure will be to .shift 
the equilibrium in the din*c(ion in wlindi a lirirrnsv m I'olutnr occurs, as this 
change would tend to annul the effect of (he increased ]m’ssure; an increase in 
the concentration of one of the .sub.stanee.s present at equilibrium will shift 
the equilibrium in such a way as to tmid to dccreast; the coneentriition of (hat 
substance. This principle is an extremely u.^diil one, and serves not only for 
purely qualitative predictions, but also as a check upon the (juantitative 
results in which errors of calculation may appear. 

The quantitative information is, of course, usually more important and 
will be treated at length below, but it is instructive to consider (lie results of 
every quantitative calculation in the light of the l.e ('hatelier-Braiin principle. 

The Effect of Temperature upon Chemical Equilibrium: The combination 
of the first and second laws of thcrmodynuniic.s give.s us for a reversible change 
the Gibbs-Helmholz equation (Chap. 11) 
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In this equation it is assumed that the initial and final volumes are not func¬ 
tions of the temperature. Since in most chemical reactions pressure rather 
than volume is fixed by the conditions assumed for the reaction, it is preferable 
to write equation (55) in terms of the free energy increase and the increase in 
heat content, so that it becomes 


AF - AH = 



(56) 


Kquation (53) gives us, for any reaction at constant temperature, 
ac^ X ««''• • ■ 

AF = RTln - - - RTlnK„, 

ua“ X rt;/- • • 


(57) 


where Ka is the c(|uilibrium constant and «,i, etc., represent the activities of 
the reacting constituents in the specified initial and final states. 

Combining (56) and (57), and rcaiTangiug, we obtain 


d(AF) 

ilT 


T 


— lilnKa -1- Kin 


X fip''- ■ ■ 
<i.C X ««*• • ■ ' 


(58) 


Differentiating (57) with respect to T and remembering that since the values 
of 0 are arbitrarily chosen and not determined by temperatures, the expre.ssion 


imiii 


/ «(,■' Xj'iA- - 
\ «.i“ X an''- ■ • 


is equal to zero, we have 


)/ 


(IT 


d{AF) 

dT 


- RhiK,, - RT 


<nnK„ 

dr 


•f Kin 


nc" X an''- ■ ■ 
"a“ X an''- - - 


(59) 


Equating the right hand members of (58) and (59) and simplifying, we 
have 


dt)iN„ All 
dT ^ ■ 


(60) 


This important ecpiation, usually called the equation of vau't lloff, ex¬ 
presses quantitatively the change of the general “mass law” equilibrium 
constant with the temperature, as a function of All, which is equal to — Qp, 
where Qp is the heat evolved by the reaction at constant pressure. Under 
conditions in which the special mass laws (equations (31), (33) and (38), (41), 
(44)) may be expected to be valid, equation (60) may be modified by combining 
it with the relation between A’„ and the equilibrium constant in question. 

Thus, under conditions in which P = a, we have 

RT^' 


dlnK 

~dT 


( 61 ) 
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Since A'p = Kc{RT)~", where n = a + b- c- d (equation (36)), we may 
write 


biAp = /mA, - nliiRT 

and, combining with (01), 


(62) 

(UnK^ ndluUT ()„ 

,ir (IT nr- 


(63) 

or 

t\hiK( (),, ij — iiliT 

Q. 

(04) 

- -+ ,/, = - 

nr' 

Similarly, making n«-e of oqiiaHmi (31), 

A, = K,- />’■ 
and 

ilInK, «//«/"' (,)„ 


(11,')) 

iiT hr' 


(00) 


For reactions at constant pn'^snre, /\ therefon', equation (litl) Iteconu's 


Equation (liO) may he intennilecl if All is inilepeinlenl of temperature or tnay 
be represetiteil as a ftttiction of tenijierature. It) tin' first e;tse we ohtaiti 


Ml 

- 


or, between Ti tttnl 7'.., 

biA’, -hiK, 


loij 


It \-i\ r j 

itisertinft tin* tin 

A, -/.)(/A: - - 


m) 


m 


Ciianding to orditiary logaritlittis ami itiserting the tiiimerie;il vaitte of A, 
equation (69) becotnes 


(70) 


This equatioti is widely ttsed for the oilculation of the elTect of temperature 
upon ettuilibrittm in cases where the hejtt of reactioti is kiniwn, and for the 
calculation of the heat of reaction where the equilibrium coitstnnt is known 
at more than one temperatitre. Evt'ti if AH is really dependi-nt tipon temper¬ 
ature, equation (70) usually gives approximately correct results if the interval 
between 7’i and T. is not too great. 

In general, the variation of Ml with T is given by the KircholT formula 
(Chap, II), 


(l{MI) 

df 


= AC 


PI 


(71) 
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where ACp represents the difference between the heat capacities of the sub¬ 
stances on the right hand side of the equation for the chemical reaction and 
those of the left. It is frequently possible to express the heat capacities of 
each substance as a series function of temperature, of the form 

Cp= mA-nT A-oT'---. (72) 

In this ca.se, considering again the reaction 

aA + bB = cC + (ID , (73) 

we have 


ACp = (cOTc -b dmo - am A - bms) -b {cnc -b dnn - ariA - bnajT 

+ (coc + doD — aoA — boB}T^ • • • (74) 
or, 

AC'p= g + rT-bsr •••, (75) 

where g, r and s represent the terms in the parentheses, and are numerical 
constants for any given reaction. 

Combining (71) and (75), we obtain 


- il + ’-T + sP---) (76) 

and, integrating, 

Aff = A/fo + qT + irT’ + hP ■■■. (77) 

The intORration constant w culled Alia, since it i.s the value which AH reaches in equation 
(77) if T ifl nmde e«iu«l to zero. 

If we combine equations (77) and (60), we obtain 


dlnK„ _ Alla . q i * *' i ^ y 
dT RT*'*'RT^2R^ 3R 


(78) 


or 


InKp = - — +-lnT + -~T + --T^- 
RT R 2R 6ft 


+ C. 


(79) 


Equation (79) oxpre.sses accurately the effect of temperature upon chemical 
equilibrium, and should always be employed in making calculations over a 
wide temperature interval, provided the necessary data concerning the heat 
capacities of the reacting substances are available. 

If we combine equation (79) with equation (54), we obtain 

Aft = A//„ - qTlnT - \rT‘ - - C'T, (80) 

which expresses the change of the “standard” free energy increase of a reac¬ 
tion with change in teni])erature. This equation is an extremely important 
one in the systematic calculation of free energy data. 



HOMOGENEOUS EQUILIBRIA 


3U 


Very frequently accurate data concerning the heat capacities of the reacting 
substances over a wide range of teni|>erature are not available, but values of 
the equilibrium constant at a number of temperatures are available. In this 
case it is often possible to express the variation of the equilibrium constant 
with the temperature by means of empirical h>rmula', usually corresponding 
in type to equation (79), and differing only in tlie numerical values of the 
constants. Several different equations may express given numerical data 
over certain temperature ranges almost ecpially well, and may serve for the 
practical calculation of the equilibrium constant at temperatures differing 
from those measured. It is desirable, however, to utilize in all ealculationa 
equation (79), containing actual specific heat data, wherever these arc avail¬ 
able. Specific e.xanipies of these formula*, both of the emjnrical type and those 
employing exact specific heat data, will be given in a later section. 

The Effect of Pressure upon Chemical Equilibrium: Qiiantitatively the 
effect of pres.Mire change upon chemical ecjuilibrium may l)e followed by con¬ 
sidering the various etpjilibrium constants. The activity constaid, A'.„ in 
necessarily independent of the pre.*>sure, as may be .seen from its relation to 
the free energy change in the reaction, occurring l)etween certain defined 
initial ami final states, t'^ince the.<e initial and (inal slates are arbitrarily »le- 
fined and independent (ff the |)^e.^sllre, the free energy increa.se and A’„ imist be 
independent of the ])re.ssure, For a rc'actiorj b{*tw(*en dilute gas<‘s, K„ = A';,, 
which is also independent of pres'«ure, a.s is K.. which is rela(t*d to K,, by a 
factor not dependent uj)on pre.'sure. The e(}uihbrium constant. A'^, however, 
varie.s with the pros.sure. Writing from ecpiation (dl) 

A-, = A'„ X ^ m 

and taking logarithms, we have 

In K, - In A'p + (u + h - c - d) In P. (82) 

Differentiating with respect to P, we obtain 

dfuA'r (u + h — r — d) 

~7F " “ 

When Pr =; RT, this expression becomes 

d/riA'x _ h - r — d)!' _ 

"dP ht' ^ 

It is apparent that if u 4- ^ + d, A', also is independent of P, 

The quantitative effect of a change in i>re.ssure upon the proportion.*) of 
the reacting constituents present at etjuilibriuin may l>e calctilated very simply 
for a dilute ga.scous reaction. 

We may write equation (31) in the form 


A'. 


(85) 
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wJiere N represents the total number of mojs. in the system. Since is 
constant, it is clear that when a + 6 = c + d the second (P/A’) factor of the 
right hand side of the equation becomes unity, and no change whatever takes 
place in tlie relative number of mols. of the reacting constituents with a change 
in pressure. If, however, ri +/> is not equal to c + d, the P/N factor will 
differ from unity and a change must occur in the first factor, by reaction 
between the constituents, in order to satisfy the equation. 

I,et us consider a system at equilibrium at pressure P,, tor which the 
numerical values (jf A’c, Nn, Na, A’a, etc., have been determined. Let us now 
change the pre.ssure to P^. Let x represent the decrease (which might actually 
be an increase) in the number of mols. of .1 after equilibrium has been re¬ 
established. 

Substituting the new values in equation (S.5), we have 

P (MJ-n-t) 

X~ -:- . 

(<■ + il -a ~ h).t y' 

Since all of the (luantities in the (‘([nation except .r are known, the value 
of X, and hence the extent of the shift of e(|nilibrinm, may be readily calculated. 

The eff('ct of pressure upon equilibrium in the li(|nid phase is ordinarily 
negligible for moderate changes in [iressure. F((r very consideridde pressure 
changes, however, it may become ([uite (([([(reciable. The magnitude of the 
effect, in the case of a perfect solution, may be shown from tlic following 
consideration. 

If the reaction 

n.l +hH ■■■ = cC A- dD (S7) 

occurs at unit i)r('ssure f’,, the free energy increase is given by the e(|untion 
(compare c(iunti()n (o3)) 

Af 1 = cF,p + dh\u - "f' i - ^ " -■ RTliiK,. (SS) 

Since at unit pressure the activity of a |)erfect solution is eqital to its mol. 
fraction, we may write n = x, and equation (S.S) becomes 

A',/ X A’,,;'••• 

AF, = RTin „ ^ \ - RThiK,^. (S9) 

A1, X A • • • 

If instead of carrying out the reaction at pressure Pi we raise the pressure to Pi, 
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the molal free energies of each constituent will l)e increased according to the 
equation (Chap. II) 


F, = f, + 


J '-i; 


(!») 


The free onerKV increase of the reaction at pr(S'>urc Pi !>• pivcn, tlicrofore, by 
the equation 


AFt 


■ oFi 


■ "" f y.\<fp 

Ji; 

ni’i I'l’i /»ri 

' f> ViidP + c I \\<IP + (i VniiP. 

Jpi Jn Jn 


( 01 ) 


Combining (SO) and (91), wo have 

A',/ X A' 


: - - HTlnK^ -f HThi - y^,}p 

.V,/X.V.„" . 1 , ■ 

rJ’t pi‘i /»/’j 

-M lV/* + rl IVf//^ + d VnilP. 

,'j; 


( 02 ) 


Now the free energy increaM\ AF;, can al>o b«* dcterniincil by carrying 
out the reaction tlirough an iMitlicrnial rrvci.'ible proei^-'S at pro-sure P-, 
similar ti> that u^ed in deriving eiiuation (.'):{). i'ach reactant is first changed 
from its initial mol. fracthm (which !> .still A’l) to the eipiilibriuni value A';,, 

involving the free energy increase per iiKiI.of PThi , and is then cau-sed to 

react at the erpiilibriuni condition. 'Die total free energy iiiereaso involved 
in the process is given (eipiatutn (.VD) b\ (In* Pfpiation 


A',,.' X -V,,/--- W,.' X A’:,;'- 

AF, = Iim -r - , - Itrin 

A,/XA,/--- A:.,“XA..y- 


(!«) 


where tlie second member of the right hand .side of the equation is evidently 
Ki^. Lqiiating (02) and (03), ne ha^e 

RThiKi, - RTbiKi, = a f ' V.vlP + h T* IV/' 

J/*, *//■, 


-cl \\ilP-dj ^V/^ 

Ji’i J /•, 


If Pi — P\ = dP, that i.s, for an infinitesimal change, we may write 
dlnKx oVa + hVfl — cVe ~ dVj) 


dP 


HT 


(05) 
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This equation was first derived by Planck ‘ and shows that the rate of 
change of the equilibrium constant, /C„ with the pressure, is equal to the 
decrease in the sum of the molal volumes of the reacting substances, divided 
hy RT. 

If this equation is compared with that previously derived for a gaseous 
equilibrium, c(|uation (84), it is apparent that the two become identical when 
the molal volumes of the constituents are equal to each other, as would be 
true for dilute gases. 

If we consider the relation between Kx and Kc, the ma.ss law constants in 
terms of the molal concentrations, we may derive an expre.ssion for the rate 
of change of Kc with the pressure. 

Thus, from equation (45), 

\ (a+b~C-(J) 

v) ' 

where N is the total number of mola. (of all kinds) and V the total volume. 
Taking logarithm.s, 

biKc = InKx -\- {a + b c — d)ln~ • (97) 

Differentiating, we obtain 

dP dP fiP 

V - 

If the solution is dilute, we may replace — by V, the molal volume of tlie solvent, 

N 

and obtain, using equation (05), 


dlnKf. 

'IF 


(iVa ~f~ bVn — cVe — dVf) 
RT 


(rt + 6 — c 


V UP 


(99) 


The increase in the partial molal free energy of the solvent with the pressure 
is given by the cquati<ni 

dF= VdP. (100) 

Now, in the chemical reaction in question the increase in the partial molal 
free energy of the solvent is also given by the equation 

d?= RTln~, (101) 

A I 


where A'l and Xi are the mol. fractions of solvent before and after the change; i.e., 


-V, = 


N.-a-b 


and 



d 


‘ Thennodynaniips, English Translation, p. 23? (1903). Longmans, Green and Co. 
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If the solution is quite dilute, a + 6. iind c + d are small as compared with 
K„ and, expanding equation (101) by Mol.aurin's theorem and neglecting 
higher powers, we obtain 


<IF = 


RT 


(r + (f — a — h) 

y 


( 102 ) 


Combining equations (102) and (100), 

- ^ RT{c + (i - a - to , 

Sitr 

Substituting this value for I' in oqualion (00), we obtain 

* (UitKr _ al’a -f- 51’a ” el'c — dVit Ad\ 

T/7> RT RT ’ 


(103) 


(104) 


or, since (aV ,4 + 51 a — el c ~ dl /> “b Adi ) is e(pial to the total decrease 
in volume, - AT, which occurs when the reaction lakes place. 


'Ha'll 

(//' “ RT ’ 


(105) 


This equation has been recently obtained by Itice ’ and by Williams,^ em¬ 
ploying a cyclic process involving the osmotic work produced by concentratifUi 
changes. 

The equation has been tested experimentally by Kanjung,' who measured 
the dissociation of weak organic acids jil high pressuri's. 

The Effect of Dilution at Constant Pressure: The elTecI of volume change 
upon a clieniical equilibrium is more readily seen if we rearrange somewhat 
the fundamental mass law exjircssions. 1 hits we may write e<iuation (.11) 


Sc' X An'' ^ 

V,,» X .V„‘ (A’I 


JKr^.l .1 6) 

■b Si, + .Vr + An)""' » 


(lOfi) 


and equation (35) 

^ .V,' X A,/ ^ (107) 

' As" X A'„‘ 


The effect of dilution of the equilibrium sy.stein at constant pressure may 
now be considered. If the diluent is a substance which does not participate 
in the chemical reaction, its effect, in general, is only to increase the total 
number of molecules (As + A'„ + Sc + S„ + •••), and hence the volume 
If rt + j, = c -b d, it is obvious that the equilibrium is unchanged by auch 
addition, bccau.se in such cases the “total number of molecules” factor and 
the volume factor become unity. If (u + h) is greater than (c + d), the 

* Trans. Farad. Soc., 12, 31S (1017). 

* Trans. Farad. Soc., 16. 458 (1021). 

* Z. pkysik. Chem., 14 . 673 (1894). 
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equilibrium must shift with increasing volume in the direction expressed by 
the equation for the reaction, from left to right, until the new values of Na, 
Nb, etc., satisfy equations (106) and (107). If (a + b) is less than (c + d), the 
reverse change must occur. 

If the dilution is made with one of the reacting constituents, at constant 
pressure, the effect on the reaction is not so simply predictable, qualitatively, 
but is always calculable quantitatively from equation (106) and (107) when 
the values of Na, Nb, etc., are known for the particular case. 

In this connection it is of interest to consider the proportions in which the 
reactants for any given reaction should be employed in order to give, at equi¬ 
librium, a maximum yield of resultants. 

Let us write the reaction 

aA-\-bU+ cC ■■■ = dl)-\-eE +JF ■■■. (108) 

Let X be the mol. fraction of D present at equilibrium. Then, if no D, E, or F 
was present at the beginning of the reaction, we have 

— = the mol. fraction of E at equilibrium, 

d 

fX 

— = the mol. fraction of F at equilibrium. 

d 


Let tb, Tc‘ • • represent the ratio of the mol. fractions of B, C, etc., at equilibrium 
to the mol. fraction of A. Since the sum of the mol. fractions must be unity, 
wo have 

— ^=1. (109) 


Xa + tuXa + tcXa” • A' 




d A" € 


If wo denote the term 


f<l + e+f\^ . , 

I - j - I by )«, we have for 


the various mol. 


fractions 


1 — m.Y 
1 4- ra -b re • • 

_ra^l_- 
1 + ra + re • • 

_re(l - >nA')__ 
1 + ra + re • • 


Writing the equation for the mass law at constant temperature and pressure, 
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and substituting the values given above, we have 



ywi.'/) 


K. = 


(H X I' X f 


/ 1 - mX 

TT”“r” Xr/X-,' 

\ 1 + III + r,-) 


( 111 ) 


If we denote the two constant factor.' in tin* nnnieralor I>v / .atid n, we liave 
n.V' r,,'’X r,-'-■ ■ 


(1 - mXY"''-”’ 


(1 + r/i + rr-> 


( 112 ) 


By applying the jtrineiple' of tliedilTereiilial calculus, it may In’ sliown that A' 
h I- 

IS a inaMinuin wlien in = - ; re = -; nr wljen 

II II 


a;, ^ ^ A,._ ^ 

<! h r 

TJiis can, however, only he the eiiM' when the mijih* projuuiions liehl I'n the 
oriRinal mixture or, in other words, when the original mixture contiiitied the 
reactants in the jmiportioiis Avliieh are ref|inre'l liy tlie ehemical efjuation. 
As an illustration, in the reaction 

X,+ :UI,= 2 XII 3 , 

the maximum iwcentage of Xlfi tlmt can he in e(]mlihrium with a mixture of 
X 2 and Ho at any given pressure ami tejiiperature is produced hy hringing to 
equilibrium a mixture of X? and Hi- in the molal ratio of 1 : d. 

The effect of the addition to tlie eqmhhrmm mixture of imlitfereiit or 
reacting substances at constant, volume is clear from consi<lerafion of equation 
(107). Thus, an indifferent substance will not he expec(e«i to change in any 
way an equilibrium at constant volume (e.xeept as indicated heh»w), and the 
effect of an addition of one of tlio reacting ctmstituents will be to displace the 
equilibrium in such a way as to <lecrease the numl)er of mols. of the other con¬ 
stituents on the side of the chemical ecpiation which includes the substance 
added, and to increase the number of mols. of (he substances on the opposite 
side of the equation. 



318 


A TREATISE ON PHYSICAL CHEMISTRY 


In considpring the effect upon a system in equilibrium, we have considered 
the addition of substances not participating in the reaction as merely increasing 
the total number of molecules. This assumes, however, that the activities 
of the reacting species are still equal to their mol. fractions or to their partial 
pressures. If the added substance affects this relationship, it will be expected 
to have a specific influence on the equilibrium concentrations. For dilute 
gases in general, the addition of an indifferent gas does not affect the other 
ga.ses measurably, but with gases at high pressures, and in the case of liquid 
solutions, the effect of adding “indifferent” substances may not be predicted 
simply from the volume change. With many organic compounds, the activity 
may be approximately given by the mol. fraction over a wide range of concentra¬ 
tions, but, in the case of other substances, particularly strong electrolytes, the 
activities of the reacting species may be markedly affected by the addition of 
apparently indifferent substances, and the equilibrium concentrations may 
change accordingly. 

The special case involving the addition of a catalyst is disemssed further 
below and the effect of a solvent in liquid systems will be treated in a later 
section. 

Catalysts and Equilibrium; In the experimental measurement of equi¬ 
librium it very frequently happens that the rate of the reaction is not sufficient 
to bring about the condition of equilibrium in a reasonable time at the temper¬ 
ature at which it is desired to operate. In such ca.ses it is usual to resort to 
the use of various substances which accelerate the rate of the reaction without 
apparently affecting the equilibrium. As the literature contains frequent 
statements that “a catalyst cannot affect the equilibrium” and occasional 
objections to this view, it may be well to consider the subject in some detail. 

The general law of mass action, equation (30), was derived from considera¬ 
tion of the initial and final states of the system, and must be independent of 
the mechanism by which the change takes place. It follows, therefore, that 
the activity constant, K,„ and the free energy change for the reaction must 
be unaffected by the presence of any substance occurring on both sides of the 
chemical equation, provided the equation is otherwise unchanged. Thus, if 
a mixture of nitrogen ami hydrogen is passed over a solid catalyst so slowly 
that equilibrium is obtained, the partial pressure of Nj, 112 and NHj in the 
issuing gas will be necessarily the same as those which would have been present 
had the equilibrium been produced in the absence of a catalyst. In all cases 
of this type it is quite clear that the catalyst does not affect the equilibrium. 
Nevertheless it is quite possible for a catalyst to affect the equilibrium con¬ 
centrations for a given reaction, if it is present in such quantity as to affect 
the activity of one or more of the reacting species. Thus, strong mineral 
acids arc known to accelerate the reaction between alcohols and organic acids, 
and also the hydrolysis of the corresponding esters, and acids have been used 
as catalysts to facilitate the measurement of equilibrium in such reactions. 
The mol. fractions of ester, alcohol, acid and water may, however, have in 
such cases appreciably different values from those obtained without the use 
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of a catalyst, for the mineral acid affects the aclivity of the water (and probably, 
to a lesser extent, the other constituents), so that the activity of the water is 
DO longer equal to its mol. fraction. This effect is particularly apt to occur in 
equilibria which involve electrolytes, either ns reactants or as catalysts, and 
must be taken into consideration in measurements of equilil>riuin. 

Thus, in measurements in which the catalyst is actually present in the 
system when the equilibrium is measured, the possibility must be considered 
that it may have an effect upon the activity of the reacting species, and thus 
lead to erroneous values for the equilibrium constant and the free energy 
change. This is, of course, also true of any ‘'indifferent" molecular species 
which may be present in the system, as indicated above. 

The difficulties which have arisen in consideriiig the effect or lack of effect 
of a catalyst upon equilibrium have usually arisen from failure to consider 
carefully the assumptions underlying the particular erpiilibrium expre.s8ions 
which may have been employed. 

In general, there is no seritnis difficulty in determining experimentally the 
question of the possible influence of the catalyst upon the eipiilibrium. 

Measurement of Chemical KquiLiimiuM 

The experimental measurement of chendcal equilibrium frequently presents 
problems of considerable difficulty. The position of equilibrium may be such 
that the reaction goes nearly to completion in one direction, and the concentra¬ 
tions of one or more of the reacting species may become immeasurably small. 
In other cases, the rate of the reaction may be so slow that eipiilibrium is not 
established in any convenient time at the temperature at which it is desired to 
measure it. Again, the rate of reaction may be so rapid that an attempt to 
analyze the equilibrium mixture results in a shift of the equilibrium. In the 
reactions of organic chemistry, and in many inorganic reactions, the problem 
is complicated by the occurrence of other reactions than the one whose equi¬ 
librium it is desired to measure. No general procedure can be indicated for 
the determination of the condition of equilibrium, as each jiroblem is apt to 
require individual treatment; a few types of experimental method which have 
been used successfully may, however, be noted. The first step, in general, 
consists in determining that the reaction proceeds in each direction at some 
definite temperature, at a rate sufficiently rapid to permit the establishment 
of equilibrium within a reasonable time. The rate at a given temperature 
may frequently be increased by the selection of a suitable catalyst, which 
should not affect the equilibrium (see, howexer, the iireceding section). Known 
proportions of the reacting substances are then brought in contact and are 
kept at the temperature in question until the mixture does not change in 
composition with increased time. 

The analysis of the mixture must then be carried out in such a way as to 
prevent appreciable change in the composition by reaction during the time 
necessary for the analysis. Similar determinations should be made in which 
the equilibrium is approached from the opposite side, and experiments in which 



320 


A TREATISE ON PHYSICAL CHEMISTRY 


the initial proportions of reactants are varied are usually necessary in order 
to calculate definitely an equilibrium “constant” for the reaction. 

If possible, the analysis of the mixture is made at the temperature of the 
measurement of the equilibrium, by the determination of some physical 
property whose change can be shown to be proportional to the extent of reac¬ 
tion. Thus, the density may measure the extent of a reaction between gases 
in which the total number of molecules changes with the reaction; color, re¬ 
fractive index, opticid rotation, etc., may in individual cases serve to measuraf 
the equilibrium concentrations. 

If the analysis cannot be made without disturbing the system, recourse 
may be had to the procedure of lowering the temperature of the mixture very 
rnjHdly to some temperature so low that the rate of reaction is inappreciable 
in the time necessary for an analysis. The feasibility of this process will vary 
with the individual case. 

In the case of reactions between gases, which are apt to occur with con¬ 
siderable velocity only at the surface of solid catalysts, dynamic methods are 
frequently employed, the reacting mixture being passed over the cataly.st so 
slowly that further decrease in the rate of flow does not produce further change 
in composition (thus indicating the existence of equilibrium), and the gas 
issuing from the catalyst is cooled and analyzed. Since the rate of the reaction 
in the absence of the catalyst is fre(|uently negligible, it is thus possible to 
maintain the ndxtiire unchanged from the equilibrium condition for consider¬ 
able periods of time. 

In a great many cases in which it 1ms not been found possible to measure 


the equilibrium of a chemical reaction directly because of experimental diffi¬ 
culties, it becomes possible to calculate it indirectly from a determination of 
the equilibria for reactions which, when combined, will give the reaction in 
question. Thus, consider the reactions 

Ih -f ^0. = IIA 

■(113) 

CO -I- 50- = CO., 

(114) 

CO -f H.o = CO. -h H., 

(115) 

for which at high temperatures and moderate pre.ssures we may write 

t' / _ ^ HiO 

^ “ P V 

^ Hj ^ ^ Oj 

(116) 

An — - ,-;i > 

/•co X fC 

(117) 

=r ^COl ^ , 

(X) X /^HK> 

(118) 
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Each of these equations represents the relation which npist exist at equilibrium 
between the partial pressures of the reactirip; constituents, regardless of any 
other substances which may be present. In a system at eciuilibrium containing 
both HjO and C 02 , CO, and O 3 must also be present, and the partial 
pressures of the different constituents must adjust themselves in such a way 
that all three equations are satisfied. Obviously, then, equations (1 lb), (117) 
and (118) are properly to be regarded ns .dmultaneous e<(uations. and if any 
two are known the third may be calculated. Thus, it might l>e that the 
dissociation of w’ater could nut bo measured at a giv(*n temjK'rature; while 
that of CO 2 (117) and the equilibrium of the water gas reaction (IbS) were 
experimentally measurable. The dissociation constant for Jl-jO is tlu*n calcu¬ 
lable without direct measurement. 

This principle is of the utmo.st importaiijce, and its use has permitted the 
calculation of the equilibrium of numerous important reactions. 

Furthermore, the equilibrium constant is din'ctly related to the free energy 
of reaction (p. 305) which is freiiuently calculable from such data as the elec¬ 
tromotive force of cells (('hap. XII) (fr from the enlropi«‘s of the reacting and 
resulting substances (('hap. XVH). It lias sometimes been jm.ssibh* to utilize 
very elaborate combinations of reactions to calculate the e<|uilibrium constant 
not directly measurable.' It must be remembered, however, that cumulative 
e.xperimental error is apt to occur if too many dilTerent data are combined. 

If the appro.ximate condition of laiuildirium is known, it is freipiently 
possible to determine the e.xact condition by preparing a .series of mixtures 
approximating in composition that estimated for the equilibrium, and noting 
their rate of change, by means of analysis, or by .Mune physical nu'usureaKmt. 
If it can be shown that one mixture is changing in one direction, and another 
in the opposite direction, the true (•(piiliiuium must lie between these limits, 
and by repeating the experiments it is po-s.'^ible to make tin* limits as narrow 
as is desired. This procedure is frmpiently employe<l when comidicating 
reactions are apt to occur if too long a period of time were allowed for the 
reaction. 

IIo.\IOGENKOUS Kui-iuinui M l.\ THK (Ja.SEOUS Ph^SE 

Mo.st measurements of gaseous e(piilibrium have been carried out at 
pressures in the neighborliood of atmospheric, and at .somewhat elevated 
temperatures, so that the activity of each reacting species is approximately 
equal to its partial pres.sure. Under these conditions the equilibrium in ex¬ 
pressed by equation (31) above. 

Reactions in which no Change in the Number of Molecules Occur: If the 
number of molecules of resultants is (‘(|ual to that of the reactants, it is ap¬ 
parent from equation (31) that cliangcs 111 (he total pressure of the system will 
be without effect upon the position of e<|uilibrium, so Jong as the partial 
pressures of the reacting substances may be c(msi(lercd as approximately etjual 
to their activitie.s. Examples of thi.s type of reaction which have been tlie 

* See Lewis and Randall, Thcrniodynaunr.H and Chemistry, 4S8, 528, 192.3. 
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subject of extensive experimental investigation are 


and 


Hi + Ij = 2HI 


Hs + CO, = CO + H,0. 


(119) 

( 120 ) 


The former of these reactions was investigated thoroughly by Bodenstein,* 
who allowed known quantities of hydrogen and iodine to react until equilibrium 
was reached, and then, after sudden cooling, determined the hydriodic acid 
formed. 

If 0 represents the number of mols. of H, taken at the start of the reaction, 
b the number of mols. of I,, 2x the number of mols. of HI formed after 
equilibrium has been reached, and P the total pressure, we have, for the 
equilibrium partial pressures. 


Eut — 


(a - x)P 
0 4" h 




(b - x)P 
a + b 


whence 


P 


^(2x)P_ 
a + 6 




Pm^ 

Pat ^ Pit 


(® 


4x'__ 

x)[b — x) 


( 121 ) 


In Table I are given characteristic experimental data obtained by Boden¬ 
stein, and also values of i calculated from equation (121), taking the value of 
K as 50.4, the mean experimental value at 454°. The close agreement shows 
that equation (121) represents quite closely the experimental facts of this 
equilibrium. 

TABLE I 


EoviLiBrnuM Data, H, + I, = 2HI 
Temperature » 454®; Kp 60.4 


H. 

Ii 

1 HI 

HI 

at Sturt 

at Start 

Formed 

' Calc, from 

CO. 

cc. 

cc. 

Eq. (121) 

(a) 

m 

(2l) 

(2i) 

8.10 

2.94 

5.64 

5.66 

7.94 

6.30 

9.49 

9.52 

8.07 

9.27 

13.47 

13.34 

8.12 

14.44 

14.93 

14.82 

8.02 1 

27.53 

15.54 

15.40 

7.89 

33.10 

15.40 

15.12 


*Z. phynik. Chm.. 29. 295 (1899). 




The reaction 


HOMOGENEOUS EQUILIBRIA 


323 


Hj + CO; = CO + H.0 


has been studied very extensively, as it is of teciinical importance botli in the 
manufacture of “water Ras” and in the qianufacture of liydroRen from water 
gas. The most important data arc tiiosc of Haim ‘ and of Ifaber and Iticliardt • 
whose investigations combined cover tlie temperature range of about 000° C 
to 1500° C. 

The experimental method of Halm consisted in allowing a slow stream of 
gases, of known composition, to pa.ss over a catalyst, and in then cooling the 
gases rapidly and analyzing them. Characteristic data taken for the temper¬ 
ature of 980° C. are given in Table II and illustrate very well the relation 
existing between the partial pre.ssures of the reacting gases at e<]uilibrium. 
In these particular experiments the initial gases were mixtures of CO- and H; 
in varying proportions, and therefore in the equilibrium mixture the CO and 
HjO are of equal volume percentage. The values of A', calculated from the 
equation 


!*(■() X Pm) 
HcOi ^ 


( 122 ) 


show only irregular variation.s from the mean of 1.00. 

The effect of temperature upon the e(|uilibrium was inve.stigated by both 
Haber and Hahn and their data have been recalculated by both Haber ’ and 
by Lewis and Randall.* 

The latter authors have shown that the variation of the equilibrium constant 
with the temperature is well represented hv an equation of the form of equation 
(79). 

Their equation is 

10,100 l.SUnT O.OOtt.'iT’ 0.00000008^ 

- -W- + -R- - R “ +- H -+ 


Values of Kp calculated from equalion (I2.‘3) show a rapid chauKC in the 
values of the equilibrium constant with the temperature, the equilibrium 
being displaced largely toward the right at high temperatures, and to the left 
at low temperatures. In the technical pre|)aration of hydrogen by means of 
this reaction, the starting point is usiially a mixture of CO and II 2 in approxi¬ 
mately equivalent proportions. It is desired to obtain from it a mixture ns 
low in CO and as high in H 2 as |)ossible. From considerations of equations 
(122) and (123) it is clear that this result may bo achieved by operating at 
as low a temperature as po.ssible, and by adding steam (which may later be 

‘ Z. phyaik. Cham.. 44 . r)!."} (1904); 48 . Tail (ItMH). 

* Z. anorg. Cham.. 38. 5 (1904). 

* Haber, Thermodynaniica of Technical Gas Reactions (tr.). Longmans, Green 4 Co., 
1908. 

•Lewis and Randall, Thermodynamics and Chemistry, McGrow Hill Co., 1923, p. 574. 
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removed readily) to the mixed gases. The limits to which these procedures 
may be effective commercially are determined by the rate of reaction at 
low temperatures, by the cost of steam, etc." 


T^BLE II 

Equilihrium Data in Water Gas Reaction 
Tfimperature = 980® C. 


Initial Composition 
Per Cent by Volume 


Equilibrium Composition 
Per Cent by Volume 


CO, 

M. 

CO 2 

CO = HjO 

H, 

lO.l 

89.9 

J 

' 0.70 

9.46 

9.33 

80.38 

1 

^ 0.07 

80.07 

30.1 

09.9 

J 

^7.18 

23.00 

40 82 

1 

^7.12 

22.92 

47.04 




( 21.52 1 

27.83 

22.82 

49.1 

51.9 

1 

20.78 

28.04 

23.14 




1 21.30 

27.88 

22.87 

00.9 


J 

' 34.07 

20.25 

12.77 

39.1 


31.20 

20.01 

; 12..58 

70.3 

29.7 

J 

^ 47.(H> 

22.79 


1 

^ 47.35 

22.85 

; 0.95 


Another reaction of tliis class, wliich is of industrini importance, is that 
between nitrogen and oxygon, in ticcordanco with the ofpiation 

5N2 + 50o= no. (124) 


The rate at wliich equilibrium is estaliiislied for the reaction is extremely slow 
and it has been measured directly only at temperatures of loOO'^ and tibove.* 
Even at these teinperalures the percentage of nitric oxide produced by heating 
air until equilibrium is established is extremely small, being 0.377 at 1540® C. 
and 2.33 at 2400® ('. At any given temperature the per cent of nitric oxide 
in equilibrium could be increased somewhat by heating a 1 : 1 mixture of X 3 
and O 2 (compare j). 310), but, in tlie technical utilization of the reaction for 
the fixation of nitrogen, the increased percentage of nitric oxide would not be 
sufficient to warrant the use of artificial Nj: O 2 mixture instead of air. The 
variation of the equilibrium constant with the temperature is expressed by 
the equation 


21,600 2.50 

-ffF + T' 


(125) 


* For a discussion of the technical problem the render is reforretl to Taylor, Industrial 
Hydrogen, Chemical Catalog Co., 1921. Later data on the water-gas efiuilibrium are to b© 
found in J. *4m. Chem. .S’oe., 46 , 888 (1924). 

*Nemst, Z. anorg. Chcm„ 49 , 213 (19(M)). 
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Since the heat capacities of nitrogen and oxygen are identical with that o! 
nitric oxide, the heat of the reaction does not vary with the teiupcratvire, and 
the characteristic equation assumes the simple form given above. 

Reactions in which the Total Number of Molecules Changes: A great 
number of gas reactions of this type have been tlie subject of o.vperiniental 
investigation. In illustration may be cited the following: 


CO + )0. = CO;, 

(126) ■ 

H; + )0! = 1I;0, 

(12-) > 

N,0, = 2N'0;, 

(128) > 

NO. = NO + 10,, 

(129) < 

I; = 21, 

(130)' 

(CHiCooii), = 2cn,coon, 

(131)' 

iN; + |ll;= NHj, 

(132) ' 

SO; + p); = so,. 

(133)' 

HC1+J0;= 5('l; + pl:0. 

(1,34)' 


Certain of these reactions will be <lhcussed in some dct.ail to illustrate 
experimental method and to point out the applications of the equilibrium laws 
to practical problems. 

When the equation is so written as to imlicatc the breaking up of a single 
molecular species into either more than one molecule of an individual substance 
(equations (128), (130) and (131)) or into nioie than one kind of molecule 
(equations (12!)) and (12G), (127), (132) and (133) written in the opposite 
sense), the reaction is frequently termed a (li.^sociatiou, ami the etpiilibrium 
constant is called the dissociation constant. In examining values for equi¬ 
librium constants occurring in the litinatun', care shouhl always be taken to 

(These references arc not complete, they ref* r lo the more important investiKations.) 

’ Nernst and von WartenburK, Z. phi/mk ('han , 56, ."ilS (1000). 

Laiigmiiir, J. Am. Chem. tioc., 28, I3.’)7 (inn<>). 

Lowenstein, Z. physik. Chan.. 54, 797 (190,)). 

* \ernst and von Wartenburg, Xnrht. Kyi (/(< (tottiiigen (190')). 

Lowenslein, Z. physik. Ch<m., 56. 5i:t (190(»). 

Langmuir, J. /im. Chem. Soc., 28, l.'t.»7 (190(i). 

*Schreber, Z. physik. Chem., 24, 0.')! (1S97). 

Bodenstcin and Katayama, Z. Khklrochem , 15, 211 (1909). 

Bodenstem, Z. anorg. Chem , 100, OK (1922). 

* Bodenstein and Katayama (he. at.), Hodenstein (hr. at.). 

* Stark and Bodenstein, Z. Elektrochem., 16. 901 (1910). 

* Drucker and Vllmann, Z. phyvk. Chem., 74, ■>07 (1910). 

»Haber, Z. Elektrochem., 20, r>92 (191-4). 

Halier, Tamaru and Pommy, Z. Eleklroehem , 21, K9 (I91o). 

Haber and Maschke, Z. Elektrochem.. 21. 129 (191.5). 

Haber and Greenwood, Z. Elektrochem., 21, 241 (1915). 

Larson and Dodge, J. Am. Chem. Sor , 45 . 291H (1923). 

Larson, J. Am. Chem. Soc.. 46, :107 (1924). 

•Bodenstein and Pohl, Z. Elektrochem., 11, 37.3 (190.>). 

* Lunge and Marmier, Z. angrw. Chem.. 10. 105 (IH97). 

Lewis, J. Am. Chem. Soc.. 28, 1.3Kf) (1906). 

von Falkenstein, Z. physik. Chem.. 59 , 313 (1907). 
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note the direction in which the reaction is written, and also the exact equi¬ 
librium constant employed, for the numerical values of Kp, Kc and if, are not 
identical for reactions in which the number of molecules changes, as previously 
shown. 

Dmocialion of Carbon Dioxide; The reaction 

CO 4- §Oj = COj (135) 

goes ordinarily so nearly to completion from left to right that direct mea.sure- 
ment of the equilibrium constant represents a difficult experimental problem. 
Nevertheless, very satisfactory data have been obtained by Nernst and his 
students. Nernst and von VVartenburg passed carbon dioxide through a 
heated tube and then, after rapid cooling, analyzed the gases formed; Lang¬ 
muir pas.scd carbon dioxide either alone or mixed with carbon monoxide or 
oxygen, around a heated platinum wire at high velocity, and analyzed the 
issuing gases; Lowenstein made use of the Victor Moyer apparatus. Their 
measurements cover the range of 1100° C. to 1450° C. Pure carbon dioxide 
is dissociated at atmospheric pressure to the extent of only 0.4 per cent at the 
highest temperature measured, and is only 0.0142 per cent dissociated at 
1100° C. 

These data are in very good agreement with calculations of the equilibrium 
made indirectly by combination of other data. 

The equation* 


InKp 


67,510 _ 2.75ln7’ 0.002^r 0.00000031 P _ 4.46 

' RT R r' R 


(136) 


expresses quite accurately the variation of the equilibrium constant with the 
temperature. 

The dissociation of carbon dioxide will vary with the total pressure, as 
shown in an earlier section. It a represents the fraction of carbon dioxide 
dissociated, then we may write the mass law equation 

K =. fi37> 

" ^co X Pli,‘ aP(0.5aP)'i‘ a*'* X P*'** ^ ' 

For values for which a is small as compared with unity, we may w'rite this 
equation 


a 


K 

pm 


(138) 


The dissociation varies, then, inversely with the 1/3 power of the total 
pressure. 

Dmocialion of Water Vapor: The reaction 

Ha + JOj - lUO (139) 

• Lewis and Randall, Thermodynamics and Chemistry, McOraw Hill Co. (1923). 
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proceeds even more nearly to completion than reaction (135), hut its equilibrium 
has been measured by the same methods and the same investinators as those 
cited in the preceding case. In addition, bowenstein, making use of the fact 
that hydrogen gas passes readily through hot iilalinuni, measured directly the 
partial pressure of hydrogen in equilibrium with water vapor ami oxygen. The 
data show that water vapor is dissociated at atmospheric pressure to less than 
0.01 per cent at 1100° C. and the dissociation has risen to only l.,S per cent at 
2000° C. 

This important reaction has been the subject of many indirect measure¬ 
ments and the data from all sources agree admirably with the equation 

,57,410 QMlnT 0.()0I(),>7' , 0.000000377’' 3.02 

= - «.--F' 


The Dissociation of Nitrogen Tetroxide: Xitrogon tetnixiilo is npprocltibly 
dissociated at 0® C., 


NA = 2X0:., 


(141) 


and the amount of dissociation increases rapidly with incroasiiiK teinpornture. 
The experimental measurement of tlie (‘(piilibriuni corxlitions has thus been 
very simple, and, as a result, the literature contains nmny refenuices to the 
reaction. The moasuremenis have usually ijivolved the deterinituition of the 
density of the gas, and, as the method is one of the most fretpiently used in 
studying equilibria in gas reactions in which the total number of molecules 
changes, it may be considered in some' <letai!. 

The density (gm./liter) of any gas wliicli obeys the ga.s law.s is given by the 
equation 




MP 
ItT ’ 


(142) 


where M is the molecular weight and P the total pre.ssure. This density we 
may call the theoretical density, </,. If d^sociation occurs, the volume will 
increase in proportion to the increase in the total number of m<ileculcs, and 
since the total weight remain.s constant, the density will decrease in the same 
proportion. In the case of one mol. Xu(h, if a is the fraction dis.sociated, 1 — a 
will be the number of mols. of undissociated gas, and 2a will be the number of 
mols. of NOj. The total number of mols. will be 1 + a, and the observed 
density will bear the relation to the theoretical dcn.sity 


1 

dt I -fa 


(143) 


Rearranging, we have 


df — dn 
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The dissociation constant Kp is given by the equation 



( 145 ) 


In this case the dissociation (a) varies, when the dissociation is small, 
inversely as the square root of the pressure. 

It should be noted that if a substance dissociates into N molecules instead 
of 2 as in the case above, equation (144) becomes 


dt — do 

{N ~-l)do' 


(146) 


The values of Kp for the dissociation arc 0.0154 at 0° C. and 13.33 at 
100° C.; the variation with the temperature for this range is given by the 
equation 


InKp 


13,600 41.6 

RT R ' 


(147) 


The Dissociation of Nitrogen Dioxide: At temperatures of 150° C. and more, 
nitrogen dioxide begins to be measurably dissociated into nitric oxide and 
oxygen, the reaction occurring according to equation (148), 

NO, = NO + ^0,. (148) 


The value of the equilibrium constant is of some technical importance, as the 
reverse reaction occurs at one stage in the preparation of nitric acid from 
nitric oxide, formed either by oxidation of atmospheric nitrogen (see p. 324) 
or by oxidation of ammonia. The equilibrium constant has been measured by 
Bodenstcin and Katayama (loc. cit.), and later by Bodenstein (loc. cil.), from 
careful determinations of the density of the reaction mixture. The temper¬ 
ature range in the latter work was 220° C. to 550° C. Above 550° C., the 
measurements were made uncertain by partial decomposition of the nitric 
oxide into nitrogen and oxygen. The data of Bodenstcin are well represented 
by the empirical equation 

5740 

InKp = - + 1.75 InT - 0.000507' + 2.839. (149) 


The equation employed by Lewis and Randall is 


lnK'„ = 


14,170 2.75fnr 

RT ^ R 


0.00287 0.0000003172 2.73 

ft ft ft 


(150) 
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The Ammonia Equilibrium: This ronoti.,., l,.s roooivcl a luri-c amount of 
attention because of its great importance fur the commercial syulbesis of 
ammonia, 

i^2 + iih. = y\h. ( 151 ) 


The success whicli has attomied this industry is a sinking example ..f the value 
of the application of principles of pliysical chemistry to a feehnieal iiroblem. 
At first sight, the reaction would appear to he iiniatssihle as a source of com¬ 
mercial ammonia, for nitntgen and Jiydrogen do mtf combine at measurable 
rates at low temperatures. At temperatures at which the rate of reaction is 
appreciable, the percentage of ammonia at e<iuilibrium at atmospheric pre.ssure 
i.s inappreciable. 

If we write the equation 


Kr 




im 


it is clear that the partial pressure of tlie ammonia at etiuiiibrium will be in¬ 
creased b}' increa.sing the total pressure. This is brought out by considering 
the special case in which hydrogen and nitmgen are |)resent in the ratio of 
1 : 3 (which gives the maximum per cent of XII 3 possible at any given lemper- 
ature and pressure, as .sliown in a preceding section. If the volume fraction 
of ammonia present in the ges at e(inilii)rium i.s fleiioled by n, and if P is the 
total pre.ssure, we may write efiuation (152) ‘ 


= KP. ( 153 ) 

(1 -<iy 

When a is .small compared with unity, it varies almost directly with the 
total pre.s.sure. By oj>erating at ))ressures of 30 atmospheres, Haber and his 
students (loc. cil.) were able to determine values of tlie equilibrium constant 
with considerable accuracy. Becent invotigations by Larson, ami Lanson 
and Dodge {loc. cit.), have included nuMsurements of the equilibrium constant 
up to 1000 atmospheres pressure, under conditions in which the gas laws no 
longer hold. The.se data arc disciis''e<l furtlier below. 

The variation of the equilibrium constant with the temperature may be 
expressed with fair accuracy by a .simple etpintion, sugge.sted by Haber, namely, 

13 ^00 

InK, = - fi.13-1. (154) 


From the data of Haber, and from consideration of the lioat capacitie.s of 
the reacting gase.s, Lewis and Randall (loc. cit.) propose the equation 


InK 


0500 

RT 


4.%hiT 0.n00575T O.OOOOOOS57* O.Cl 
'~ir~ R R R 


(155) 


‘Tour, J, Ind. Eng. Chem., 13, 298 (1921). 
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Larson and Dodge have also proposed empirical equations representing 
their own data at different pressures. Obviously, low temperatures and high 
pressure increase rapidly the proportion of ammonia at equilibrium, and the 
success of the industry of ammonia synthesis has been achieved by the develop¬ 
ment of catalysts which permit moderate temperatures of operation, and of 
apparatus for carrying out the reaction between 100 and 1000 atmospheres 
pressure. 

The Oxidation of Sulphur Dioxide: The equilibrium in this reaction 

SOj -f- JOa = SO 3 (156) 


has been the subject of many careful investigations, particularly because of its 
bearing upon the “contact” process for the manufacture of sulfuric acid. The 
experimental method has usually consisted in passing a mixture of sulfur 
dioxide and oxygen, alone or mixed with nitrogen, over a catalyst of finely 
divided platinum, and then analyzing the gases after rapid cooling. The 
earlier investigations of Knietsch ‘ have been superseded by the more accurate 
work of Bodenstein and Pohl (loc. cit.), who carried out very careful determina¬ 
tions of the equilibrium with various mixtures of sulphur dioxide, oxygen and 
nitrogen, over a range of temperature of about 500° C. to 800° C. Their 
data show that the equilibrium constant corresponds to that required by the 
equation 


P 

^soi X Pot 


(157) 


where the variation of Kp with the temperature is expressed by the equation 
(Lewis and Randall, loc. cit.) 


InKp 


22,600 

RT 


^.38 _ 
R 


(158) 


In technical practice, it is desired to bring about as completely as possible 
the oxidation of the sulphur dioxide, possible variables being the composition 
of the mixture, the temperature and the pressure. It is instructive to write 
equation (157) as follows: 

<w 

where N refers to the total number of mols. of gas present, the subscript identi¬ 
fying the individual gases. The term on the left of the equation’(159) should 
have for commercial operation a value of the order of 50-100, which represents 
98 to 99 per cent efficiency of oxidation. Obviously, the ratio of SOj/SOj will 
increase with increase in total pressure, but only proportional to the square 
root of the total pressure, so that a great gain in efficiency is not to be expected 
from pressure change. The effect of the excess oxygen No,, is also clear from 
> Knietach, Ber., 34, 4069 (1901); Bcr. V. Int. Kon. Angew. Chem., I, 617 (1904). 
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equation (159). If Nq, should be extremely small, it might reduce the efficiency 
of oxidation considerably, but unless this is the case, changes in Nq,, do not 
alter appreciably the SO,/SOj ratio; for, an increase in .Vq, also increases N, 
and the SOi/SOj ratio is proportional only to the square root of this ratio. 
If No, is increased by adding air (es.sentially one Oi to four Nj), the ratio of 
JVo,/iV niay be decreased instead of increased, and the efficiency of oxidation 
affected unfavorably. Obviou-sly, therefore, with a moderate excess of oxygen 
and at moderate pressures, the only way in which a high e(iuilibrium value of 
the SOj/SOi ratio may be obtained is by operating under temperature condi¬ 
tions for which Kp has a high value. Technically, the reaction is carried nut 
so that the temperature of the gas issuing from the reaction system is about 
425° C. to 450° C., where Kp has values of about 200 and 400 respectively. 

The Oxidation of Hydrogen Chloride: The oxidation of hydnichloric acid 
gas by oxygen which occurs readily at temperatures nronml 40t)° in the 
presence of cupric chloride as a catalyst has become an industry of inqM)rtanco 
for the commercial preparation of chlorine, by the Deacon process. 

nCl-|-|0,= l(’b + 511 = 0 . (100) 

Investigations by Dewis (loc. cil.), von Falkenstein (hr. cil.), and others have 
shown that the condition of equilibrium corresponds to that rc<pnred by the 

I- -■ ' on X ’ " 'O . (Kil) 

‘'e- ,, ypii 
* HCI ^ ‘ O! 


In practice, mixtures of hydrochloric acid gas and air are passed over the 

cataly.st, and the undecomposed hydrog.diloridc is .absorbed by water. In 

considering the extent to which the hydrochloric acid may be oxidized, it is 
somewhat convenient to tr.ansforni eiuialion (Itil). 

If we multiply numerator and denominator by l\\,, and rearrange, wc 

obtain 


Ena 


X • 


1 


' ell 


K„ 


( 102 ) 


If we consider 1 mol. of HCI, and if / re|.resents the fraction decomposed, 

the ratio Pci./i’nci Oec'-'es ^/2(1 - 4-, » 

— PhiO* equation (102) may written 

_^:.^^2Kp( ’^Y' XP'". (I«3) 

(1 - r) \ / 


The effect upon the efficiency of oxidation of changes in the pres.sure, nnd 
addition of oxygen or air, is clearly shown by this equation. 

The variation of Kp with the temperiitiire is calculated by Lewis and 
Randall to follow the equation 


hiKp 


6835 fl.02fa7 ’ 0.000857’’ 0.000000185f’ _ 7^ ^ 

'rT P RE 
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Gaseous Reactions at High Pressures: The equation for the law of mass 
action (Equation 4) expressing the dynamic nature of equilibrium 

= K = ^ 

A A y. A B 

may obviously be expected to I)e valid under conditions in which the gas laws 
are approximately obeyed. If the partial pressure of a gas differs markedly 
from the activity, it is not to be expected that the “constant” of equation (4) 
will be strictly independent of the initial proportions of the reacting substances, 
or of the total pressure. Most equilibria in gaseous systems have been meas¬ 
ured at fairly high temperatures and low pressures, where the gas laws are 
approximately valid for nearly all gases, but at least one equilibrium, that of 
the technically important reaction 

iN 2 + NH 3 , (164) 

has been measured at quite high j)ressures, the recent measurements of Larson 
and of Larson and Dodge ‘ extending the range of experimental data to 1000 
atmospheres pr(*ssure. It is interesting to consider their data, some of which 
are given in Table III and Table IV. 

TABLE III 


Per Cent of NIL in KquiMniucM with a 1 ; 3. N2-H2 Mixtvrf. 


Tempernture 

1 Prossun*s in AtmoMplioros 

1 

1 

° C. 









10 

30 

50 

100 

300 

000 

1000 

325 

10.38 







350 

7.35 

17.80 

25.11 





375 

5.25 

13..35 

19.44 

30.95 




400 

3.s5 

10.09 

1.5.11 

24.91 




425 

2.S0 ' 

7..59 

11.71 

20.23 




450 

2.04 

5 80 

9.17 

10.36 

35.5 

53.0 

09.4 

475 

l.Ol 

4.53 

7.13 

12.98 

31.0 

47.5 

03.5 

500 

1.20 

.3.48 

5 . 5 s 

10.40 

20.2 

42 1 

— 


The e.xtent of deviation of the reacting gases at the range of pressures and 
temperatures cannot be predicted from available data on equations of state, 
but it is reasonable to suppose that the deviation for hydrogen and nitrogen 
is comparatively small, while that for ammonia may be expected to be much 
larger. With increasing pressure and decreasing temperature not only will 
the deviation of all gases be greater but also the proportion of ammonia in 
the equilibrium mixture will increase. It is, therefore, to be expected that 
> J. Am. Chem. Soc., 45, 2918 (1923); 46, 367 (1924). 
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TABLE IV 

Equilibrii'm Co.vstant 


Tompernture 

in Attui)'i>ln'ii‘s 

®C. 









10 

30 

,'>0 

100 

300 

OIH) 

1000 

350 

0.020G 

0.027.3 

0 027,S 





375 

0.0181 

0111.SI 

0 OI.SI) 

0.0202 




400 

0.012!) 

0.012!) 

0 0130 

0 0M7 




4J5 

O.OOOl!) 

0.00911) 

0 009.12 

II 009s7 




4.j0 

O.OOiWS) 

0 00(>70 

0 lH)t>9l) 

0 00725 

0 OONSj 

0 01291 

0.02.128 

475 

O.OOolO 

0 OO.’ilo 

0 00.')13 

0 00.5.12 

0 (MlOTt 

0 00,s95 

0.01193 

500 

0,00381 

0.003S<) 

0.()03ss 

0 00102 

0 IMI{9S 

().00(>5l 



the value for Kp will siinw a Kvcaler variation with the |)r<‘>'ure at the lower 
temperature than at the higher tein))eratures. This i' Ixtrne out hy tlie data 
in Table IV, from which it appc'ars that K,, at dTo® (' increase's by about IB 
percent in changingfrom 10 atmosj)h<’res (o 100 alnio>pliere's. wluh'at oOO® 
tiie variation is about onc-lialf that value 'Plu* \ aliu' at lo0° (’. at 000 atmos- 
pheres is nejirly twice that at 10 !ittuo-'p)ier(‘s, wlule at oOO® ('. the value at 
600 atmospheres is about 1.7 times that at 10 afuio'-plien's. Tlie fact that 
the constant inerease.s with increasing jjrc'sure indicates that liie ratio of the 
partial pre.-sure of annnorii:i to its acti\ity, l\u, U;s;|, 3 . increases more rapidly 
with the pressure tlian the corresponding ratios f<u nitrogen and hydrogen, as 
would be expected from tiie known ( (jiiatioii of stati' of ainnioina at lower 
temperatures. The activity constant. A,,, which must la; iiuh'ju'ndent of tin* 
I)re.ssuro, is presumably more nearly given by the \alu('s of Kj, at the lower 
pressure.s. 

It would be expected that at tlie \ery liigh pressures the value.s of A',, would 
also vary somewhat with the proportioii-- of nitrogen, hydrogi'U and ammonia 
in the etpiilibrium mixture.s, but. since all of the expiu’iments wi‘re carried out 
on a mixture of nitrogen and liydrogeii in tiie ratio of 1 : d, the data do not 
permit this j)oint to be decided. 

Homogenkoch Koi m.iuhh m t.\ the Tiouid Pha.se 

One of the first experimental inxestigatioiis of equilibrium wa,s that of 
Bertheiot and P(^an de St. (lilies (hr. rit.) wlio carried out an extensive study 
of the reaction between acetic acid and etliyl alcohol, proved it to be reversible, 
and showed that their equilibrium data could be repre-scuted mathematically 
by the equation 

mols. e.ster X mols. water 
^ mols. acid X mols. alcohol ’ 


(lOfi) 
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which we recognize as identical with equation (38), remembering that the 
number of mols. of reactants and resultants are equal. Berthelot and P^an de 
St. Gille.s mixed alcohol and acetic acid in varying proportions in sealed glass 
tubes, and heated the tubes at temperatures in the neighborhood of 200® C. 
until no further change in composition was brought about by further heating. 
They then analyzed the mixtures for acetic acid, and calculated the composition 
of the entire mixture from this measurement. If a reprc-sents the number of 
mols. of alcohol taken, b the number of mols. of acetic acid, and x the number of 
mols. of ester (or water) formed, their experiments show that at equilibrium 
the proportions of all constituents present are quite closely given by the 
equation 




(a — x){h — .r )' 


(166) 


where K has the numerical value of 4.0. Table I gives the results of a series 
of experiments, showing the value.s of x determined experimentally, and those 
calculated from equation (166). The agreement is probably within the experi* 
mental error, and shows that for the .system in question under the conditions 
of measurement, the activity of the reacting species is approximately propor¬ 
tional to the mol. fraction. 


TABLE VI 


Mols. 

Acetic Acid 
Taken 

a 

Mols. 

Alcohol 

Taken 

1 b 

1 

Mols. 

Ester Formed 

X 

(Found) 

Mols. 

Ester 

Calculated 

X 

1.0 

0.05 

0.05 

0.049 

1.0 

0.18 

0.171 

0.171 

1.0 


0.293 

0.301 

1.0 

O-.W 

0.414 

0.423 

1.0 

1.00 

0.667» 

0.667 

1.0 

2 .(H) 

0.858 

0.850 

1.0 

8 (K) 

0.966 

0.970 


Berthelot and P^^nn de St. Gilles found the value of the equilibrium constant 
to be practically independent of the temperature, a fact confirmed by later 
investigators,’ and in accord with tlic known fact that the heat of reaction must 
be very close to zero, as shown indirectly by consideration of the heats of com¬ 
bustion of alcohol, acetic acid, and ethyl acetate. 

The equilibrium constants for esterification reactions have been measured 
perhaps more frequently than is the ca.se for any other type of reaction in 
liquid systems (excluding ionic equilibria), and the literature contains values 
for the equilibrium constants for the reactions between nearly all of the common 

* Recalculated by van’t Hoff, Ber., 10, 609 (1877). 

* Used in obtaining the value for K. 

’ Miss Tobin, Dissertation, Bryn Mawr College (1917). 
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acids and alcohols.* One or two cases are of special interest in illustrating the 
application of the mass law. 

It has been shown by Menschutkin that e.vtcrs of tertiary alcohols decompose 
usually into acid and unsaturated hydrocarbon, and the equilibrium conditions 
for such reactions have been studied by Konowalow,’'and by Nernst and 
Hohmann.* The latter authors measured the equilibrium of the reaction be¬ 
tween amylene and the chlorinated acetic acids, their results on trichloracetic 
acid at 100® C. being characteristic. The reaction proceeds according to the 
equation 

CCI 3 COOH + C 5 H 10 = CVU COOCfillM, (167) 

and we may write for it the mass law expression: 


Kx = 


X ester 

A' acid X A' amylene 


(168) 


If 1.0 mol. of acid is mixed with a imils. of amylene, and if .r represents the 
mols. of ester formed when the reaction has reached ecpiilibrium, we may write 
equation (168) a.s 


A'x 


(fi - /)(1 - /)' 


(160) 


where N represents the total number of mols. Table VI cotitains a ct)mparis()n 
of the values for x found experimentally for several values of a, and also those 
calculated from tlie mean value of the e(juilibrium con.stant. 


TAHLK VI 


Kgt,ii.jiiKirM D^tv 

((•( VOOH + - (•( VOOCtllu) 


Mols. i 

CjHio 
a 

Moi^. ; 

(■('W’OOH i 

Mok 

Kstcr 

r 

(FouikI) 

Moirt. 

lOhtcr 

X 

((■jilculiilcd) 

2.15 

1.0 

0 762 

0 762 

4.12 

1.0 

O.Klt 

0 S21 

4.48 

1.0 

0 S20 

0.826 

6.6.3 

1.0 

O.K.38 

0.8-14 

6.80 

1.0 

0.K3!) 

O.H-15 

7.13 

1.0 

0.K.').5 

0.846 


It is clear that there is very fair agreement between the observed and 
calculated values. 

'Menschutkin. Ann. Chtm. Phyn. |.jI 20. 227 (ISsO). 2J. M (1881); 30, 81 (1883). 

*2. phyatk. Chem.. 1. (kI (1887); 2, 6. 380 (18S8). 

* Z. pkyaik. Chem., 11, Z52 (1893). 

« 
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A comparison of these data with those on p. 334 for the reaction betweei 
acetic acid and ethyl alcohol brings out an interesting difference in behavior. 
In the latter case the itio/s. of ester present at equilibrium increase rapidly with 
increasing niols. of alcohol added, and approach unity as the number of mols. 
of alcohol becomes large. In the case of the reaction between amylene and 
acid, the number of mols. of e.ster changes very slowly with an increase in the 
number of mols. of amylene. The reason is clear from comparison of equations 
(110) and (169). In equation (169) an increase in a produces an increase in N, 
and therefore x is much less affected than in the case of equation (160). In 
fact it can be shown that a might be made to approach infinity without in¬ 
creasing the value of x to more than about 0.88, provided equation (169) is 
valid over the entire range of concentrations. 

The Effect of the Solvent: Many reactions in liriuid media are carried out 
in the presence of a large excess of some indifferent constituent called the 
solvent. The theoretical implications of the addition of indifferent substances 
to equilibria have already been discussed, but the case of the solvent deserves 
particular consideration, as many e.xperiniental data arc available upon 
equilibria in reactions in different media. 

If we consider equations (106) and (107) and neglect the total pre.ssure, 
we have 


and 


K, 


A'c' X AV • • • 
A'.r” X A’«‘ • • • 


^ b-c—</> 


(170) 


Rc‘ X Sj>'_ ^ 
A’a" X N,,'' 


|'(rl4 6-C-</) 


(171) 


From tliose ociuatiotis it is clear that so long ns the activity is equal to or 
proportional to the mol. fraction or the molecular concentration, addition of a 
solvent (which affects and T) will be entirely witliout effect upon any 
equilibrium in which « + = c 4- d. Berthelot and P^uu dc St. Gilles found 

this to be the case for the reaction between acetic acid and alcohol, using 
acetone as a solvent. If a 4- h is not equal to c + d, the equilibrium concentra¬ 
tions will vary with the amount of solvent in accordance with eciuations (170) 
and (171), the equilibrium constants being unaffected. However, it frequently 
happens that the solvent may exercise a very marked influence upon the 
activity of some one or more of the reactii»g species, so that the relation between 
tiie mol. fraction and the activity no longer exists, and equations (170) and 
(171) arc not valid. If the ii\fluencc is sufficiently definite, we may, however, 
substitute another equilibrium equation. Thus, some reacting species may 
exist in a different molecular state in different solvents. Let us consider the 
general reaction 

o.-l -b 6B - cC + dD, (172) 


ft 
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(or wliich in the absence of a solvent or in the presence of a really indifferent 
solvent we may write 


A', 


•Vr- X .V,/ 
.V.,« X .V„‘' 


(173) 


Let us consider this reaction carried out in a solvent in uliich the substance .1 
exists almost entirely in the form of double molecules, for the ec|ullibrium 
between single and double molecules we ha\e the rel.atiou 


K = 


■Vi- ^ 

.V( f,i 


(174) 


Now if A'.i is very small as compared w itli .V, i,i. that is, if lu'arly all of ,1 is in 
the form of (.1:), we m;iy write 


■V., = 



(ITo) 


where .Vi represents the totid number of mols. of .1, ealeulale<l without regaril 
to the molecular cojidition of .1, If wf‘ substitute the valiu* of .\ t in eipiation 
(173), wo obtain 


A r' X .\ i)'‘ ' ' 
aTio" - X A„‘ - 


where A'd.i has the value of 


O.o.V 1 


W'e might ha\‘(' obtained this same eipia¬ 


tion by neglecting the single molecules of ,1 eiitirelv, and writing Ihe reaelioii 


5o(.|.;) +bH"- = cC + ill)---. (177) 


for which the ma.ss law eiiuatioii would be 


A, 


A',v X A',/' • • • , 
A', 1,;' ■' X A,/' 


(178) 


Eipiatioiis (17()) and (17S) are evidently identical 

.■\n evample of a case of this t,v])e is given by Ihe e\])eriiueuts of ,\ernst and 
llohtuann (Inc. cit.) upon the esteriliealion of amyleiie dissolved in bemiene. 
The normal reaction of amylene and triehloracetic acid in the absence of a 
solvent proceeds according to eipiation (Ii'i7), and the eipiilibrium relations 
are expressed hv eipiatioiis (IfiS) and (Ititl). In benzene solution, the acid 
exists almost entirely as double molecules, while the other substances behave 
normally. 

If we mix together a mols. of amylene with 1.0 mol. of trichloracetic acid, 
and bring the mixture to eipiilibrium in benzene solution, we liud the eipii- 
librium no longer expressed by equation (lOil), but by the equation 


_j-A''= 

(a — r)(l — r)''“ 


(170) 


12 
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where AV has evkieiitly a different numerical value from that of In eqi,„ 

tion (ICO). 

The actual equilibrium condition for a given reaction may obviously vary 
greatly with the nature of the solvent in which the reaction takes place, par¬ 
ticularly if a marked difference exists in the molecular condition of the reacting 
species in the two solvents. 

A very similar relation holds for reactions which may occur in the gaseous 
phase as well as in the liquid phase. Thus it has been shown that the equi¬ 
librium constant for the reaction between acetic acid and alcohol is very dif¬ 
ferent in numerical value for the gaseous reaction from the value obtained for 
the reaction in the liquid phase.* 

Mathematical Treatment of Equilibrium Data 

When the equilibrium constant for a reaction has been determined, the 
calculation of the extent to which the reaction may proceed at that temper¬ 
ature, for different mixtures of the reacting constituents, is, in general, obvious. 
Examples have been touched upon in the preceding sections. The use of 
equations (70) and (70) and of the enipirical equations representing the equi¬ 
librium constant as a function of tcmiieratiirc also necessitates no particular 
emphasis. The indirect calculation of equilibrium conditions, from considera¬ 
tion of the free energy decrease involved in the formation of chemical com¬ 
pounds, has such imiiortant possibilities that some further discussion seems 
justified. 

The free energy increase accompanying a chemical reaction is ordinarily 
measurable by one of three methods, as indicated previously in an earlier 
section. It is related to the equilibrium constant by the equation 

AF= - RTInK„. (ISO) 

It is related to the electromotive force of a reversible cell, in which the 
chemical reaction in question occurs through the operation of the cell, by the 
equation 

AF = - NFE (181) 

(N is the number of faradays (F), equivalent to the reaction; E, the elec¬ 
tromotive force). 

It is related to the heat of reaction and the entropy change by the equation 
AF - AH = - TAS, (182) 

where AS is the increase in entropy. 

Now the increase in free energy is a quantity determined by the initial 
and final states of the system, and therefore, when we write an equation ex¬ 
pressing some definite change of state, the free energy increase accompanying 
the change is thereby fixed, whether or not it may be experimentally possible 
to carry out the reaction in question experimentally. Just as in thermo- 

• Edgar and Schuyler, J. Am. Chem. Soc., 46, 64 (1924). 
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chemistry we can combine equations for the calculation of the heat of reactions^ 
80 we may combine equations for the calculation of free energy increase, and, 
from it, equilibrium data. For a complete study of this subject, reference 
ehould be made to Lewis and Randall’s Thermodynamics and Chemistry, 
which contains a systematic tabulation of free energy data, but certain ex¬ 
amples will be given from their calculation.^ to illustrate the method employed. 
It is, of course, immaterial whether the reactions in question are Jiomogeneous 
or heterogeneous. 

The reaction 

H„ + Jo, = 11,0 

must be wTitten to corre.^pond to .some definite change of state in order to fix 
the free energy increase. Since the temperature of 2.)° (’. is one at which 
many experimental data are available, and since atmospheric pressure is the 
usual experimental condition, we nniy write tlic reaction 

(1 atm.) -f .502 (1 atm.) = H.O (g:is, 1 atm.). (l''^3) 

Let us consider the calculation of the free energy increase of tlie reaction 
at25°C. 

(rt) Direct determinations of the e<|uilibrium constant for the reaction 
have been made at high temperatures, as ])oinfi‘d out in a previous section. 
From the mean results of these data, and from the heat of reaction and the 
heat capacities of the reacting constituents, it is po.ssible to calculate, through 
equation (80), the free energy change at 2.')® although tJie extrapolation is 
over a very wide temperature range, which will magnify the error in any of the 
quantities involved. The result of such a calculation gives 
~ “ ol,.')!K) cal. 

{h) We may write the following series of equations, wdiicli added together 
give reaction (183): 


(1) 

2Ak + 10, = 

AgA), 

(2) 

Ag.O + 1I,0,« = 

2Ag+ + 20H-, 

(3) 

2.\%' + -’(r) = 

2Ag, 

(■i) 

= 

211' +2W, 

(■>) 

2ir +2011 = 

21+0(1), 

(0) 

H=0,» = 



The free energy change for the first r<‘action has been determined by direct 
measurement of the equilibrium, over the temperature range of 300° C. to 
500° C. From the equilibrium constant it is poj'sible to determine the free 
energy increase, and through equation (80), the value at 2.')° C. may be calcu¬ 
lated. The value thus obtained is AF = - 2395 cal. 

The free energy increase at 25° C. of reaction 2 is calculable directly through 
the equilibrium constant, for the solubility of Ag 20 has been measured at this 
temperature. The value thus obtained is AF = 21,040 cal. 

The sum of the free energy increases (3) and (4) may be obtained at 25° C. 
from measurements of the electromotive force of the cell, Ag/AgCl/HCl/Hj, 
and is AF = — 36,896 cal. 
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The free energy increase of reaction (5) is calculable in a number of ways, 
for example, from the ionization constant of liquid water, as determined from 
conductivity measurements, or from the electromotive force of “acid-alkali” 
cells. The best data give AF25 ,c. “ — 38,210 cal. 

The fr(?e energy increase for reaction (6) is given from the equilibrium 
constant (vapor pressure) for the vaporization of water. At 25® C. we have 
AF = 2053 cal. 

Oombining reactions 1-C, we have for reaction 183, == — 2395 

+ 21,040 - 30,890 - 38,210 + 2053 = - 54,408 cal. 

(c) hhjuation (183) mayalso beobtained by combining thefollowing reactions: 

(1) ng{i) + ^(),= Hgo, 

(2) H2 + HgO= Hg(l) + }{,0(I), 

(3) H,0(1) = 

The e(iuilibrium constant for the first reaction has been determined by 
direct measurement, at the boiling point of mercury, and, by extrapolation 
through o(iuntion (80), we obtain at 25°, AF = — 13,780 cal. 

From measurements of the electromotive force of the cell, 

Hg/HgO,,)/KOir,,,,/ir,, 

the free energy increase at 25® C. of reaction (2) may bo calciilated to be 
AF = - 42,752. 

Combining tlie.se values with that of (3) determined above, we have for 
reaction (183), AF 25 .(’ = ~ 13,780 — 42,752 -f 2052 = — 54,485 cal. 

(d) Equation (183) may also be obtained by combining 

(1) H,+ ('!, = 2HCI,„,„ 

(2) 2I[(’I„, + li), - -h Ch, 

(3) 

Tlie free energy ineri'ase for reaction (1) may be calculated from measure¬ 
ment of the electromotive force of various cells, and is AF 2 yc = — 02,734 cal. 

The free emu-gy increase for reaction (2) may be calculated from direct 
measurements of the equilibrium constant for the reaction, which by extra¬ 
polation to 25® ('. give AF 2 .v(- — — 9120 cal. 

The free energy increase for reaction (3) may be obtained from equilibrium 
(vapor pro.ssure) measurements of hydrochloric acid solutions: 

^f' 25 '*c. == + 17,350 cal. 

Combining these data, we obtain for reaction (183), 

== “ <>2,734 - 9120 -j- 17,350 = - 54,504 cal. 

Finally, it is possible, through the third law of tlicrmodynamics (see Chapter 
XVII), to calculate the free energy increase for reaction (183) from the entropies 
of hydrogen, oxygen and water, employing equation (182). The entropy 
change for the reaction, Aj8 , is equal to A'hj ” The entropies 

of hydrogen and oxygen are known with a fair degree of certainty from measure- 
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ments of the heat capacities of (liese M]l)>fancos at very low t(Mnporatures, and 
from theoretical coiiMderations. The ('iitropy of liquid water, from heat 
capacity data alone, is kmnvn only approximately,' but it may serve for a 
rough calculation, merely to illu>trate the method of calculation. The best 
values, at 25® C., are 

•S'jij — 20. U cal. degree, 

=:2I0 

= Ib.S ‘‘ 

AS, therefore, for the formation of liiiuid water at 25® (' = + 10 S - 20.4-t 
— 24.0 — — 30.04 cal. degree. 

For the heat of r(‘action at 25® All = ~ Os, 270 cal , wlnmce, by e<iua- 
tion (1S2), 

AE - AH = ~ TAS, 

= - '''.-iOl cal. 

(’omi)ining tlii'i value with the free energy of \ai)onzation {AF - 2035), 
wo obtain for e(juation (1S3), AF = — 55.3IS cal. 

It has thus been jxtvsible to calculate the fna* energy chang(‘ for the forma¬ 
tion of one mol. of ga'-eou.v water from its elements at 25® (’. and atmos|)hcric 
jwcssure by tive methods, invohing a wide range of experimental met Inal and 
data from a variety of sources. Tlie result'' may be n'peated as follows: 

(/;) AF ~ - 51,5!ll) cal., 

{b) AF = - 54,1()S '' , 

(c) AF = — 54,4S5 “ , 

(f/) AF = - 51.5(11 “ , 

(c) AF = - 55,31S “ . 

If the mean of these values, or i>referably the mi)''t probable* value based 
Upon the certainty with which the particular expenmenfal dat;i an* Known, 
be taken, and combined with the value's for the heat of tin* reaction and the 
heat capacities of hydrogen, oxygen and water, we may by r‘(|uation (HO) 
exprev'^ AF as a function of femperalnre (see ('hai>ti'r II) which will permit 
tlic calculatifui of the equilibrium constant and Jieiice the etpiilibrium con¬ 
centrations for any dc'-in'd coiidifion" of temperature, jire^Mire, or proportions 
or reactants. 

This reaction has been discussed at length liecaiisc it illiistrati's extremely 
well (he value of an exact knowledge of tlu* free energy change in reactions, 
and the methods by which equilibrium calculations may be made through a 
study of these free energy increases. If tin* free energy increase of formation 
of all chemical compounds were available, it would be po.s.wjble, theoretically, 
to calculate the equilibrium constants for any reaction which one might choose 
to write, whether or not such reacticni were experimentally feasible. It i.s 
all too frequently true that e.xjierimental data are unavailable or uncertain in 
particular cases. This only emphasizixs tin* need for systematic inve.stigations 
in this direction, and for an exact understanding of the factors involved in 
chemical equilibrium. 

' Lewis and Gibson, J. Am. Chtm. Soc.. 39, 25-'54 (1U17). 
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Any system composed of two or more j)]jast's may bo tlio seat of liotoro- 
geneous equilibria as well as of homogeneous e<iuilibria. Wiiere the cluuiiical 
or physical reactions wJiich luive readied a condition of equilibrium are wliolly 
confined to a single phase, the equilibrium is regarde<l as homogeneous; such 
would be the equilibrium between the dissolved molecules of sodium chloride 
and the ions wiiich they form. When however the reactions which occur 
involve a movement of molecules from one phase to another, the e<|uilibrium 
attained is spoken of as heterogeneous; such equilibria exist for example in the 
evaporation and condensation of water, or in the dissolving and pri'cipitation 
of a solid salt in water. 

It is quite obvious that heterogeneous equilibria can not be more simple 
than those occurring in homogeneous .systems; indeed, they may fre(piently 
be much more complex. In many ca.ses the etpiildiria are greatly afTected by 
the surface conditions at the interface between the jihases; such cases are 
dealt with in tlie chapter on colloid chemistry, in the j>re.sent chapter the 
discussion will be re.stricted to those cases of heterogeneous equilibria in which 
only temperature, pressure and e(uic(Mitration are elTectual in(lu'*nces. For 
these cases there are known two fundamental ))rincii)les which are sudicient 
for systematizing practically all the phenomena; these principles are known 
as the Distribution Law and the Phase Rule. The former of these, which 
will be studied first, is quantitative in nature and, within certain limits, is of 
very great value in defining heterogeneous eipiilibria; the latter and broader 
principle will be studied at a later point in the chapter. 

THU DI.STItlltt-'J'lOV LAW 

The distribution law expresses a mathematically cf)nstant ratio between the 
concentrations of a given molecular species in any two phase.s of a system at 
constant temperature. It expresses the ratio e(pially well whatever possible 
combination of gaseous, liquid or solid phases is under observation. It has 
however required a long period of time for this entirely gencraWorm of the 
law to be recognized; initially only special combinations of phases were known 
to fall within its scope. The first statement of the law, covering only the 
equilibrium between a gas and its solution in a licpdd, wa.s made by William 
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Henry/ and is commonly referred to as Henry’s law. At a later date, Berthelot 
and JuiiKfleisch ^ studied the partition of iodine between carbon disulphide and 
water, and stated the applicability of the principle to the distribution of a 
dissolved body between two liquid phases. Nernst,* studying distribution in 
systems of the same type (li(iuid-liquid), added the important restriction that 
a constancy in the distribution ratio can exist only between those molecules 
of the distributed substance which are in the same condition in both phases, 
pointing out that no immediate equilibrium and hence no immediate distribu¬ 
tion can occur between simple molecules in one phase and associated molecules 
in a second phase, or between simple molecules and their dissociation products 
in different phases. 

Distkibution in the System Gas-Liquid 

The eipiilibrium existing between a gas and its solution in a liquid is found 
to follow the law of Henry, who was the first to observe the simple relationship 
which exists. Ifenry’s law njay be stated as follows: the mass of a gas ab¬ 
sorbed or di.Ksolved by a given volume of a liquid is proportional to the pressure 
of the gas, at constant temperature. A simple algebraic statement of the 
law takes the form 



where m is the mass absorbed and p the pressure of the ga.s. This equation is 
easily cluinged so as to show tlie volume of the gas absorbed instead of its mass. 
The mass is proportional to the volume, by Avogadro’s hypothe.'^is, and is 
likewise proportional to the pressure, by Boyle’s law; i.e., m = pvK'. If this 
value bo .substituted for m in the first equation, it becomes 



that is, the volume of gas absorbed i.s indepemlent of the pressure. Still a 
third form may be derived from the first; if mass in of the ga.s be absorbed in 
unit volume of the liquid, the anxmnt present constitutes the concentration 
in tlie liquid phase and may be written €■<; in the gaseous phase the concentra¬ 
tion (’i is proportional to the pressure; introducing these values for m and p 
in the equation and inverting, 



This is the most generalized expression for Henry’s law, and is likewise a direct 
algebraic statement of the distribution law, namely, that the concentrations of 

* Phil. Tram. Gilbert's Annalcn, 20, 147 (1805). 

* Berthelot and JungfleiscJi, Ann. chim. p/iys., (4) 26, (1S72). 

* Nernst. Z. physik. Chem., 8. 110 (ISOI). 
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any single molecular species in hco phases at equilibrium bear a constant ratio 
to each other^ the temperature remaining constant. 

Henrj’s may predicted qujiUtatively from the theort'm of Chatelier, which is 
of the broadest applicability. Accordijiit to this theorem a system at e(]uilibriuni, if subjected 
to a stress, will undergo a chanae of equilibrium tending to ri‘<luce the intensiiy of thesirt'tw. 
Obviously the pressure exerti^l uiion a gas will l>e reduccil by any change which reduces the 
volume, .‘^ince the solution of a gas always produces a rtHluotion in the total volume of a 
system, it follows that an increased solubility of gas will result from an incrt*ase of pn'ssure, 
which is a (jualitative statement of Henry's law. 

One of the early applications of Henry’s law was made by Dalton ' in the ex|MTimentalion 
on which his well-known law of partial pressures is based. Dalton iliNluced from his experi¬ 
ments that in a mixture of gases the alworption of each by a liquid is pro|H*rtional to its own 
pressure, and not to the total pres.sure It is thus shown tliat Henry’s law applies to ea<’li 
component of a mixture of gases as well as to a single ga.s. 

The experiments of Bunsen ’ subjected the law of Ilenr.v to a fairly rig-trous test. Bunsen 
delermimvl the weight of carixm dioxide gas di.ssolved li.\ a fixeil <pian(ity of water at a numlier 
of pressures, all less than one atmo.sphere. In Table I, wlm-li imdudes some of Bunsen’s 
results. tJie column headed P gi\es the experimental pressun-s in nuders of mercury ami o 
the weight of gas dissolved by a fixed volume of water. 


T.VBLK I 

Snu nil.ITY OK ('<)} IN Watku 


Temperature 

No. 

P 

0 

PiPi 

1/ I/I 

10.9° C’. 


IJ 72SS 

3std 




2 

0 ,)21.') 

27 21 

1.3S 

1.12 


3 

1) r,j.{7 

27 OS 

1 30 

1 13 


4 

0.')231 

27 2S 

1.30 

1 12 

3 2° 


U..'j244 

31 11 

— 


■■ 

2 

0.(;4()7 

3s fji 

OSlUO 

OSlJo 


3 

tl (>}7ll 

3S 10 

nsloo 

osmi 


Taking the results at a fixed lenqierature. as at lit*)” (' , tlie j.ressnres t»f ex|n'riim‘nls 2. d 
and 4 are r-ompari'd with those of experiment 1, giving the ratio /'./'i. and in like manner 
the ratio g g\ is that of the weights absorbed .'siriet eomphanee willi Heniv’s law would 
require that the ratios ha\e the same value, the agreement is not iierfeet, but within the 
probable experimental error. Further (*xperiinents b\ Bunsen, bv Kliaiukow and liUgiinin,^ 
and by others,* together with the early work of Henr\ and of Dalton, havi‘ e,stabli>he«l thiit, fcir 
moderate pressures, the law of Hmiry holds with at most simdl vari.iti<m. 

XotwitlistamlinK tlii.s satisfnctttry cmiilition, thm* have bren iinmtToii.s 
ca.‘<os whore experimental results and the retjuirements of Henry’s hiw diverge 
greatly. These deviations fall into two principal chisse.s. Many of the 
apparent discrepancie.s are due to the applieatioti of the law without reference 
to the important restrictions pointed out Ity Xernst {loc. cU.), and can be 
iwought into harmony by comparatively simple nuithematical correction; 

* Mrnwirs Literary aiul Phil. Soc. of MnnchcKhr. I, iSO.'i, Clilhcrl's Annalcn, 28, 'Mi7 (IHOS). 

* Bunsen, .inn., 93. 1 (1855). 

* Ann. chim. phys.. (4) 11, 412 (lSt>7). 

* Ostwald, Lehrhuch, I, 620 (Leipzig, 100.'1). 
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other cases appear to be due to the condition of high concentration and indicate 
tJiat Henry’s law, like other gas laws, is strictly applicable only to ideally 
dilute gases and fails to represent the facts when the concentrations become 
large. Each of these types of deviation is worth careful study. 

The fact that the unmodified law of Henry could not properly be applied 
to cases where chemical action occurs between the gas and liquid was recognized 
by Bunsen (loc. cit.) and was doubtless in the mind of all careful workers in 
the field. It remained for Nernst (loc. cit.) to state in more precise terms what 
was hinted at in the vaguely used phrase, chemical action; and although 
Nernst’s argument was developed for systems of two liquids, it applies just as 
logically where the gaseous phase is concerned. Nernst shows that we cannot 
logically think of a substance as distributed between two phases if its molecular 
condition in the two phases is different; for example, double molecules, formed 
by association in one phase, cannot be in immediate equilibrium with un- 
associated molecules in a second phase. If however the associated molecules 
in the first phase undergo reversible dissociation so that an equilibrium between 
associated and unassociated molecules exists in that phase, then an equilibrium 
will exist between the unassociated molecules in the two phases. The constant 
ratio of concentrations should be found, therefore, not between the total con¬ 
centrations in the two phases, but between the concentrations of that molecular 
species which is common to both phases. Such an equilibrium can be illustrated 
by the following scheme, in which xy represents the simple molecules and (xy)^ 
the associated molecules: 

gaseous phase: xy 

II 

liquid phase: n-xy {xij)„. 

If the substance in the liquid phase undergoes direct combination with the 
solvent, which will be represented by S, the diagram becomes 

gaseous phase: xy 

II 

liquid phase: xy + nS =i^xynS. 

A further possibility is that of dissociation, either electrolytic or non-elec- 
trolytic: 

gaseous phase: xy 

11 . - 

liquid phase: 11 / j=s x + p. 

In addition to these three possibilities, cases will frequently occur in which 
any two or even three of these equilibria are met in the liquid phase. It is 
clear that if Henry’s law is to be evaluated for any such instances, the constants 
for these homogeneous equilibria must be known, so that the true concentration 
of the distributed substance in each phase may be calculated from the total 
concentration present. 



HETEROGENEOUS EQUILIBRIUM 


347 


The case in which combination occurs between tlie distributed substance 
and the solvent, as indicated in the second scheme above, is actually freer 
from complications than might appear. In such an instance, Henry’s law is 
applied to the distribution equilibrium and the mass law is applied to the 
reaction occurring in the liquid phase between the distrilnited molecules and 
the solvent. If now 

Cl = concentration of distributed molecules in the gaseous phase, 

Ci - concentration of distril)uted molecules in the liquid phase, 

C, = concentration of solvent molecules, 

Ce = concentration of compound molecules, 

the two laws may be written as follows: 

-~ = K (Henry’s law); (1) 

C2 


- = K\ (law of mass action). (2) 

Ce 

The concentration of solvent molecules is very large and does not vary 
appreciably in dilute solution; (Cj)" may therefore be written as a constant 
and the law of mass action becomes 


C 2 

'Ce 


K,. 


(3) 


Combining equations (1) and (3), the complete equation becomes 


C, 

Cj + Ce 


A'a.' 


(4) 


It is thus shown that Henry’s law may be tested according to e(iuation (4), in 
which the sum C'j + Cc is the total concentration of the gas in the liquid phase 
as it would be ordinarily determined by analysis. The occurnmee of com¬ 
pound formation therefore will liavc no influence upon Henry’s law except to 
change the numerical value of the constant. 

The case is quite different however if association or dissociation occur; 
it then becomes necessary to take the extent of these changes into account. 

• The algeVjraic derivation is as follows: by inversion of e<inntion (3), 


whence 


divided into equation (1). 


Cl " A'l ’ 

C, +Ci __ 1 + Kt 
Ci " Ki 


Cl 


KKt 


Ku 


Ci + Ce 1 + Ai 
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The algebraical treatment again is based upon the use of the mass law to ex¬ 
press the degree of dissociation or association. Let C now stand for the total 
concentration in the liquid phase as analytically determined, and a stand for 
the degree of dissociation; then the mass law expression will be, for a binary 
electrolyte, 


. (CaY 
C(1 - a) 


Ca> 

1 - a 


= K 


mt 


whence 


a 


- +'1k„‘‘ + 4K„C _ 

2C 


Writing Henry’s law in the same terms as before, and remembering that 
Ci, the concentration of undissociated molecules in the liquid phase, is equal 
to the fraction (1 — a) of the total concentration C, 

A- = = _?£l_ . 

Ct C'(l - a) 2C + K„- Va'^^ q. iK„C 

Henry’s law may therefore be tested for a compound which undergoes dis¬ 
sociation (electrolytic or non-elcctrolytic) by analysis of the gaseous and liquid 
phase, if the dissociation constant Km is also known and the total concentra¬ 
tions in the two phases, C and Cj, be determined. 

Tho iM)lul)ility of nmnionia in water may bo studied according to this method. The 
equilibria here are as follows: 

gaseous i)hasu: NFIj 

II . - 

li<iuid phase: NH.i + H,0 ^ NH 4 OH ^ NII« + OH. 

Hero the formati(*u of tho corupouiid NHiOH is without ofTect on the form of the equations, 
ns shown above, and the dissociation constant is known. Calingaort arnl Huggins* have 
tested dilute solutions of ammonia from a concentration of 1.25 gms. to .005 gm. per liter 
at 100®. Tho column hea«led C in Table II gives the total concentration in the liquid phase, 
in gms. per liter of .solution, the column Ci/C the experimentally fouml ratio in the two 
phases. 1 — a the undi.ssociated fraction of the ammonium hy<Iroxide in the liquid phase, 
and k tho constant for Henry’s law, obtained by the efiuation k = Ci/CXl — a). 
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Ammonia and W^ter at UK)® 


c 

i 

1 

1 - a 


i ■ C'(l-a) 

1.250 

12.92 

0.987 

13.1 

0.0.33 

12.07 

0.981 

12.9 

0.305 

12.44 

0.973 

12.8 

0.14S 

12.13 

0.90.3 

12.6 

0.03S0 

12.00 

0.920 

13.0 

0.0190 

11.83 

0.890 

13.2 

0.0107 

11..53 

0.804 

13.3 

0.0046 

11.05 

0.800 

13.6 


Am. Ckem. Soc., 45. 915 (1923). 
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It is apparent that, when the dissociation is ignored, ns in column 2, the quotient shows a 
regularly diminishing value, but. when the correction for dis-wiation is iiitroductxl. as in 
column 4, there is a satisfactory constancy. The solutions are all. it will be noted, very 
dilute, and the gas pressure correspondingly low. 

When the gas pressures used are largo, dovialions from Henry’s law are 
found which cannot be compensated for by assuming polymerization or dis¬ 
sociation. Deviations of this sttrt wore iiotetl by Hoscoc and Ditmar * and by 
Sims.* When the pressures are no larger than one or two atmospheres, varia¬ 
tions of considerable magnitude appear. The variation was found to be de¬ 
pendent al.so on the temperature; 
thus, at 0®, the .solubility <*f amimmia 
in water fails to follow tlic law, while 
at higher temperatures a much closer 
approximation to the law is obtained. 

Although the correction for electroly¬ 
tic dissociation of the ammonia has 
not been applied here, such a correc¬ 
tion would have no important effect, 
as the dissociation is extremely small 
at these concentrations. The results 
are shown graphically in Fig. 1. The 
.straight line in each case gives the 
ideal curve; its sloj)e is fixed by the 
p(jsition of the point h, which is tak(‘n 
from the observed data at 70 cm. 
pressure. At 0®, the curve for the abruption (ff ammonia sli(»ws that the 
absorption is greater than caleulaled by tlie law when the pr<‘ssures are low, 
but is less than the re<juirement at higher p^e^‘'Ures. The isothermal curves at 
20°, 40° and 100° indicate that as tin- temperature rises the absorjition ap¬ 
proaches more nearly the theoretical, the pre>.Mjres still being l(tw. 

Kxtensive expcrinicntatiiai by S!iii«l<T ’ lia^ >lni\\ii hldl givatiT (IcviatioiH from the law 
^luai the an* liigh. The al>M)r|jti<ni of carlM)!! dioxjdc in wafer, ahiihoI.H, 4‘lh('r, 

aroniatio h.\dro<'ail>oii.s and r)ilior orgamc ^o|\^'nl^ ii‘<l to tin* following (•onclnvion!<. The 
.solubility of farlxni dioxido at i)r<“Hsiire> of L‘ii irj ip) kn. per M|uar<‘ r(*iMini*-irr vani'a from 
Henry’s law at low temperatures, but ap|>roache> the re<|iiircd values at higher temjM'rafnreM, 
at loo'’ the solubility i.s proportional t<» tlie pressure within the experimr-nliil error. With 
respect to the extent of deviation at. low loniinTatnres, it is less in water, and greater in all 
the organic solvents; this compariMUi mak<*s ii clear that, tin* deviations are imt rausecl by 
eleefrolytie dis.sociation whether or not association play.s a jiart. As a correction of intercut, 
it is found that a closer appr<tximation to Henry’s hiw’ is bjund if the weight oi absorlxMl gas 
is referred to the volume of the solution ralhcT than to that of the inire solvent. 

The above variations ol)serve«l by Sander occur when the rorioentration in the gawious 
pha.se is very high, under which condition tin* general equation of state f(*r a gas. PV = RT, 
is likewise known to fail. The question arises whether high eonoentrations in the liijuid 

1 Roseoe and Ditmar, .Inn., 112, 349 (IS-W). 

».4nn,. 118, 34.> (1861). 

* Sander, Z. physik. Chem., 78. 513 (1912). 
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phase bring about a aimilar result. The experiments of Sackur^ appear to answer that 
queutioD in the negative, at least for the gas carbon dioxide in several organic liquids. Sackur 
selected methyl alcohol, ethyl alcohol, acetone, methyl acetate and ethyl acetate for solvents 
at very low temjjeratures, under which conditions the solubility is very high while the vapor 
pressure of the gas is low. The results of his experiments are given in part in Table III. 
The figures under represent the pressure of the gaseous phase in mm. of mercury, those 
under K the constant for Henry’s law, but with the terms in such order that the ratio is that 
of the concentration in the liquid phase to that in the gaseous phase. 

TABLE III 

Solubility of Carbon Dioxide in Methyl Alcohol 


P if at - 78® if at - 59® 

50.120.5 — 

100.119.6 42.5 

200.120.1 42.7 

400.122.2 43.1 

700.126.8 — 

740. — 43.3 


The values of the constant show but slight variation through a considerable range, indicating 
that up to high concentrations in the liquid phase there is little modification of the law neces* 
sary; the variation in the case of the other solvents is slightly greater. When the constant 
is calculated on the basis of mass of gas absorbed per unit volume of solvent instead of solution, 
the variation is much greater, which result is in accord with that already noted by Sander 
(loc. cit,). 

The solubility of hydrogen chloride in water is an interesting case of an 
exception to Henry’s law. Roscoe and Ditraar (loc. cit.) have investigated the 
dependence of this solubility upon the pressure. Since the compound is a 
strong electrolyte, it is apparent that a correction of very large magnitude must 
be made if the law is to have a proper test, and this has not yet been done. It 
appears from the experiments however that the gas has a very considerable 
solubility in water even when the pressure has become too low to be measurable. 
Ostwald * interprets this result, through graphic extrapolation of the solubility 
curve, to mean that there is a residual solubility which is independent of the 
pressure, but varying in composition with the temperature. This is in agree¬ 
ment with the experiments of Richards and Singer,® who found that a tenth- 
normal solution of hydrochloric acid emits only a negligible amount of acid 
upon prolonged boiling. 

A survey of these and similar investigations leads to the general conclusion 
that Henry’s law, like other gas laws, is strictly applicable only to ideal gases, 
and fails to express exact relations as the gas departs from ideal conditions. 

The foregoing discussion of Henry's law has been based upon the absorption 
of the gas at constant temperature. A question naturally arises as to the 
change in value of these absorption coefficients with change of temperature. 
But little of an entirely general character has been learned. There is, of course, 
no doubt that van’t Hoff’s law of mobile equilibrium applies here; if the temper- 

>Z. Blektrochfm., 18, 641 (1912). 

* Ostwald, Lehrbuch, I. 623. Leipzig, 1903. 

•Am. CAem. 27. 208 (1902). 
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sture of a system at equilibrium is raised, that reaction occurs which is ac¬ 
companied by the absorption of heat, i.e., the endothermal reaction. If it is 
known therefore that the process of solution of a gas, at the equilibrium con¬ 
centration, is an endothermal change, it follows qualitatively that the solubility 
of that gas will increase with increasing temperature, and in cases where solu¬ 
tion is exothermal the reverse will be true. It is an empirical fact that the 
dissolving of a gas is an exothermal jinicess in the majority of cases, whence it 
follows that the solubility decreases with the temperature; in such cases, the 
constants of Henry's law will then show a decreasing value with increase of 
temperature, or, to ])hrasc the same relation otherwise, the gas will have a 
negative solubility coefficient. But this is by no means always the case; the 
temperature coefficient is found to be jmsitive in some instances, and in a few 
cases passes from a positive through a zero value to a negative value as the tem¬ 
perature changes. A few instances will show that all such are possible. 

Bunsen (loc, cil.) lielievcd that hydrogen in water and also oxygen and earlion monoxido 
in alcohol all htix-e a zero temperature coefFieient: Winkler and Bohr* lind however that 
hydrogen has a negative eoeffieient at low teiiii)eraturea. rniseing through a zero value at 
about 60° and having a positive value above that temi>erature. Just * has made ati extensive 
study of the solubility of nitrogen, hydrogen atid carbon monoxide in wafer and in a large 
number of organic solvents, at 20“ and 2.5°; the temperature eoeffieient is Itositivo in all 
solvents except water. For earijon dioxide, on the other hand, Sander (Iw. al.) fitids a 
negative eoeffieient in all solvents, with iiitrolwnzono as a possible exeeplion. Oeltkon's* 
figures for the solubility of carbon dioxide in water may bo regarded ns a fairly typical rase; 
the temperature coefficient is negative, as shown iti Table IV, where the Bunsen absirrptiun 
coefficient is indicated by the values of 3 at different lempcnitures; it is defined as the volume 
of gas, measured under standard conditions, nlisorlieil by unit volume of solvent. 

TABLE IV 


SoLunlLtTY or t'Anaos DtoxioK IN W'atbh 



The distribution law can be apidicd to sim|>ler systems of gases and li.iiiids than those 
discussed above, namely, to systems consisting of a single liiiuiil and its valior. At a constant 
temperature the ratio of concentrations in the two iihascs should Ite constant, which is equiv¬ 
alent to the statement that a pure liquid has a single fixed vapor pressure. If one considers 
the possibility of a pressure change, it apiiears that it has little effect upon the concentration 

of the liquid phase within reasonable limits, since ..npressibility of liquids is of exceedingly 

small magnitude; the concentration in the lir|uid phase being therefore practically constant, 
the dietribution law indicates that the concent ration in the gaseous phase will likewise remain 
subirtantially unchanged. If a higher total pressure U put upon the system through the agency 

■ Wied. .Inn., 62, 644 (1897). 

■ Z. pht/nik. Chem.. 37, 342 (191)1). 

■Z. pkuaik. Ckcm.. 49, 271 (1904). 
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of some second gas which is introduced, the pressure of the distributed phase (i.e., the 
vapor of the liquid) will vary but slightly. The exact relationship which exists between the 
vapor proHHuro exerted by a liquid and the applied external pressure has already been given 
in Chapter IV, page 120. 

Not only may the vapor tension of a pure liquid Imj shown to be a constant by application 
of the distribution law, but it is also possible by the same means to arrive at a derivation 
of Rtmult’s law. which expresses the depression of vapor pressure of a solvent upon addition 
of a sohite. Let N equal the number of mols. of pure solvent taken for consideration, to 
which n mols. of >«)lute are added; the molar concentration of solvent then falls from N/N 
to NUN 4- «)• The distribution law requires however that the ratio of concentrations of 
the solvent in the gaseous and liquid phases remain constant; whence, writing Co and C as 
the concentrations of solvents in the two gaseous pha.ses, 

_Co C 

NlN "iV/(N +n)' 

Co N n 
C “ " N~'' 


Co - C ^ n 

Co JV + w 

Since the pressures in the gaseou.s phases are proportional to the concentrations, and repre¬ 
senting these pressures by and p, 

n - p n 
thi N + n 

which is the familiar form of Raoult's law fur ideal solutions.* 


Distkibution in the System Liquid-Liquid 

The distribution law has had its principal tost in the case of liquid-liquid 
systems; furthermore, the application of the law to such systems has yielded 
most interesting and useful results and matle j)o.ssible the interpretation of a 
large number of otherwise inexplicable facts. Herthclot and Jungfleisch {loc. 
cit.) were the first to make a systematic investigation of systems of this sort 
and to note the general underlying law. The following table (Table V) gives 
some of their experimental results. 

Inspection of the values of A' in these tables shows that constancy in an 
exact sense is not attained, which fact was not overlooked by the experimenters 
themselves; but the approximation to constancy in these case.s, in which the 
actual concentrations are varied considerably, is sufficient to indicate the under¬ 
lying principle. In the case of the two acids no consideration of dissociation 
was taken into account, as the work antedated the dissociation theory. Other 
cases of distribution between two liquids have been studied in large number,^ 
and in the majority of cases considerations of dissociation or association are 
necessary before the constancy of ratio can be detected; but, it is also true that, 
in addition to the cases of iodine and bromine in carbon disulphide and w'ater 
as tabulated by Berthelot and Jungfleisch, there is a considerable number of 

• For a diacusaion of Raoult’a law, aoe Kendall, J. Chan, Soc., 43, 1391 (1921). 

* See Herz, Der VertaluiigsaaU, Stuttgart, 1900. 
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TABLE V 


Distribution of Solute between Two Liquids 


Iodine in Carlxin Disulfide 
and Water at 18® 

Hroinine in C’arlxin Disulfide 
nnd Water at 20® 

Gnia. I per 

10 ec. HjO 

Gms. I per 

10 cc. ('Si 

Vi I 

Gms. Hr per 

10 cc. H.O 

Gms. Hr per 

10 cc. GS: 

Cl 

0.0(M1 

1.74 

420 i 

0.176 

10.2 


0.0032 

1.20 

401) 

0 030 

2.46 

S2 

0.0016 

0.66 

410 

0.020 

1 

7S 

0.0010 

0.41 

410 

0.0011 

0.00 

SO 

0.00017 

0.076 1 

410 





Succinic Acid in Ether Oxalic Acid in Ktlier 

nnd Water at lo° and Water at ll® 


Gms. Acid per 
10 ee. HiO 

Gins, .teid per 
10 ce. Ether 

(\ 

K 

(': 

Gih'. .\ci(l per 
10 ec. HiO 

Gms. .\cid i)er 
10 ec. Ether 

K - — 

C'l 

0.186 

0.073 

6 6 

0 173 

0.0.52 

0.0 

0.420 

0.067 

6 3 

0.136 

0 016 

0.5 

0.365 

0.001 

6 0 

0..101 

0.031 

0 K 

0.236 

0.041 

7 

0 203 

0.0205 

0.0 

0.121 

0.022 

:..i 




0.070 

0.013 

.).2 




0.024 

0.0016 

.5.2 





other instances in whicli the nncorrected ratio in two litinids, ;is (l('l(‘rinine(l by 
analysis, is reasonably constiint over tiuite lar^e variatiotis in the ncitial con¬ 
centrations. iSuch caM’s include hydroKcn i)eroxi<le ‘ in water iind varhms 
organic liquids, boric - acid in water atnl tuny! alcohol, hroinine ® in water and 
bromoforni, iodine * in water and chloroform iind in water ami ethylene glycol, 
and phenol * in water and amyl tilcohol. 

If a true constancy in the value of K is assutned for a simjde case of distri¬ 
bution between two liquids, as in tin* instances n^ferred to, an interesting 
corollary follows. The addition of a larger total quantity of solute will not 
alter the ratio of concentrations in the two layers, and the process may be 
imagined as continued until one of the phas(‘s is .saturated with respect to the 
solute. The question arises as to the effect of further addition of solute. It 

* Calvert, Z. physik. Chem., 38, 5ia (1001), Wallon and Lewis, J. Ani. Chnn. Soc., 38, 
633 (1916). 

* Abegg, Fox and Herz, Z. anorg. Chenu. 35, 120 (1003). 

* Jakowkiu, Z. phyatk. Chiin , 18, 3.So (ISO,)). 

* Her* and Fischer, Btr., 37, 4746 (1004); 38, 1138 (1005); Landau, Z. phyaxk. Chetn., 
73, 200 (1910). 
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cannot enter the phase assumed to be saturated, by definition of the term; 
nor can it enter the other phase by the assumption of the distribution law, since 
its further solution would alter the value of the eonstant. It follows then that 
both phases are saturated with respect to the solid and that the distribution 
ratio is the ratio of the solubilities of the solute in the two solvents. From this 
process of reasoning it results that the distribution law is frequently so phrased 
as to state that the distribution ratio of a solute between two solvents is the 
ratio of its solubilities in the two solvents. This is of course an entirely 
logical statement on the assumption that no correction factors are necessary; 
but, as a matter of fact, no data have yet been as.sembled which support this 
simple statement, and it is probable that it is true only for the distribution of 
very insoluble substances; for, it will be shown that, in the case of liquid 
systems, as it has already been shown for the system gas-liquid, the distribution 
law is strictly applicable only to ideally dilute solutions. 

If the distribution ratio is to be constant in systems consisting of two liquids, 
there is another assumption that must be made, namely, that the two liquids 
are mutually insoluble, or, at any rate, do not have their mutual solubility 
altered by the presence of the distributed substance. In actual experimenta¬ 
tion this condition has not been and probably cannot ever be strictly realized; 
actually the distributed substance does have an effect upon the mutual solu¬ 
bility, and that effect may vary both in amount and in direction. The dis¬ 
tributed phase may lower the mutual solubility; in such a case it is conceivable 
that the mutual solubility might be reduced to zero by successive additions of 
solute, so that the limiting distribution ratio would be that of the solubilities 
in the pure solvent. The solubility of one liquid in the second may increase 
and that of the second in the first decrease by the addition of solute; in this 
case it is clear that the distribution ratio must vary throughout the whole range 
of concentrations. The third possibility is that the mutual solubilities of the 
two solvents are increased by addition of the solute; this will bring about a 
most interesting condition which will be more fully discussed from the stand¬ 
point of the phase rule under three-component .systems. The obvious result 
of adding more and more solute in such an instance is to make the two liquid 
phases more and more like each other in composition until they become identical 
and dissolve in each other in all proportions. At this consolute concentration 
the ratio of the distributed compound in the two phases must be unity, as 
was pointed out by Klobbie ' in the case of malonic acid dissolved in water and 
ether. There will in such cases be a variation of the ratio from whatever value 
it has in dilute solution to unity at the consolute concentrations, provided 
only that the liquid phases continue to dissolve the solute up to this point of 
complete mutual solubility. Any one of these three possibilities discussed 
above may be realized experimentally, and it is apparent therefore that the 
assumption of complete insolubility of the two liquids is, in the nature of things, 
not realizable when a tliird substance is added. If, however, the concentra¬ 
tions of the tliird substance are kept sufficiently small, this effect may be of 

> Z. phynk. Ckem„ 24 . 829 (1907). 
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negligible dimensions; it appears therefore that, for liquid'Iiquid systems, as 
well as for gas-liquid systems, the distribution law may be applied successfully 
only when the solutions are dilute. It will be seen in the examples given that 
this requirement has been kept in mind when success has been attained. 

Correction for Dissociation and Association. It lias already been pointed 
out, in the discussion of Henry’s law, that corrections for dissociation and 
association are necessary where these phenomena occur; the additional com¬ 
plication in liquid-liquid systems is that these corrections may be found neces¬ 
sary for both phases. Nernst (he. cit.) modified the distribution law so as to 
make it applicable to such .systems, stating the conditions as follows; 

1. If the dissolved substniire has the same molecular weiuhl in !)otli si)lven(s. il nossesses 
a distribution coefficient indenendent of the ooiiceutrathin. him! vice verxn. 

2. If the di.ssolvcd siihstaneo con>ists of molecules of <iilTereiit ««“iKlit or cfimposilion, 
the above first rule holds for each molecular .‘species. 

It has been pointed out in the discussion of Henry’s law that, in the phase 
in which dissociation occurs, the total concentration, a.s determined analytically, 
is to be multiplied by the term (1 — a) before insertion in the distribution 
formula, where ot is the fractional di.s- 
sociation. It now remains to l>c sliown 
how cases may be treated where the 
disturbing condition is that of associa¬ 
tion. Reference to Fig. 2 will indicate 
the proper method of reasoning. Let A' 
represent the molecular species common 
to both liquid pliase.s, and let it be asso¬ 
ciated in one pha.se to form double mole¬ 
cules, indicated as (A) 2 . Analysis of the 
phase marked I gives us the concentra¬ 
tion of A’ in that phase, repre.sented liy 
C; but analysis of pha.se II gives, not 
the concentration of A', which is neces¬ 
sary for testing the distribution law, 
but a concentration Ci made up from 
both associated and non-associated moh‘- 
cuies. The necc.^isary term may lie derived however by the application of 
the ma.'^s law to the equilibrium occurring in phase II. If a be the fractional 
dissociation into simple molocuhis, then 

= K, (\a = Vc,(l - a)K. 

C,(l - a) 

Now C’ltt is the^concentratioii of simple molecules, and may be inserted in the 
distribution ratio; 

(• 



Total Cone. 
= C 

Total Cone. 
= C, 


Distribution DiaRrani for an 
vVssfM'iiitftd Comixjund 


c 
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It will be seen that if the association were into molecules three times the 
weight of the simplest molecule, the radical would become a cube root, and, 
in mf)re general terms, for association into a molecule (X)ft the denominator 
would become an nth root. Considering however only the simpler cases of 
dissociation of a binary compound and association into double molecules, the 
following general formulaj have been developed: 

Phase I, neither association nor 
Phase II, neither association no] 

Phase I, dissociation occurring, 

Phase II, no molecular change c 
Phase I, no molecular change oc 
Piuise II, associati(ui occurring, 

Phase I, dissociation occurring, 

Pliasc II, association occurring, 

In thoHP Kotiprnl forniulic, C and C\ represent the conrpiitrations as analytically cictcrniiiiod, 
a and a' the dn«roo of dissociation as detnrmincd by independent methods; and the further 
aHsuniptions are included that the degree of dissociation follows the mass law and that the 
distributed species is the simple nu)lecule. 

In Heveral of the cases to be discuaseci, an algebraic simplification is possible for cases 
where assoeiation occurs. In benzene and similar hydrocarl>ons it happens that .association 
is frequently complete or nearly so; the value of a therefore becomes very small us compared 
with unity in the t<‘rm (I — a), and may bo ncglei fed, so that the ratio becomes 

= K, 

thus rendering imneei'.ssary any <iuantit.-itive knowledge of the association e<iuilibrium. 

Nern.st’s goneralizutifui.s, which are included in the foregoing discu.ssion, 
receive sui)port from his own experiments and more particularly from those of 
Hendrix.son.* In Table VI are given the data for one of a series of eiglit careful 
distribution experiments in cases involving both di.ssociation and a^sociation. 
The predictions of tlie theory are fulfilled if it can bo shown tliat, assuming a 
constant distribution ratio for the simple molecules of lietizoic aci<l between 
water and benzene, the degree of molecular dis.sociation in the benzene pha.se 
follows the mass law. For this discussion, let 

Cl — the total concentration in the aqueous phase, 

('2 = the total concentration in the benzene phase, 
a = tlie degree of electrolytic dissociation in the water, 
k — the distribution ratio of simple molecules between water and benzene, 
mi = the concentration of simple molecules in the benzene, 

A’ = tlio molecular dissociation constant in the benzene. 

The constancy of the values of K is to be proved, and it is obvious that it 
is some function of the distribution constant k. Of tlie terms listed above, 

' Z. anorg. Chem., 13, 73 (1897). 




di.ssociation, 

' dissociation, 

C(l - a) 

I 

ccurring, 
curring, 


C{\ 


Vc'.d 

a) 


■ a) 


= A'; 


A; 


VC,(1 - a’) 
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Cl and Cl are determined by analysis of the two phases at various total con¬ 
centrations; a may be calculated from the Ostwald mass law for the dissociation 
a* 

0.00006. The vnluc of k, the di.«tribiiti(in 


of benzoic acid in water, - 


’(1 -a)V 

constant, i.s arrived at by the following; reasoning; it is of course the ratio of 

C,(l - a) 


the simple molecule.s in the two phases, whence k ■■ 


The equal ion. 


m, 

however, includes both k and m, ns unknown terms. Proceeding further, K, 
the molecular dis.sociation constant in the benzene phase, has its value ex¬ 
pressed by the application of the mass law to the e(iuilibrium SCjltsCODH 
= (CsHsCOOH)., whence 


r C.d - o) I 

(»h)- ^ L k J ^ Jr\( 1 a) J 

Ct - m, „ (.’,(1 - a) (\k^ - r.i'd - a) 

(, 2 --- 


Assuming now that the value K is a constant, values of f’l and U-, from two 
experiments (linos 1 and 7) of Table VI are inserted in tlie equation and tin* 
^alue of the distribution constaid A' is found to lx* 0.700. 

With this known, the value of mi, tlie concentration of simple molecules, 

can be calculated by the formula ^ = A-, and the fiRures are given in 

Wi 

column 5. C’olumn 6 gives the concentration of double molecule.s C 2 — f/it, 
and column 7 gives the nearly constant values for A'. 


rABLK ^■l 


Distrihutiom ok Bknzoic Acin io.twkkn \\ \tkh asd Hknzknk at 10® 
A' = 0 700 


(’[ 

Cl 

d 

c.d - a) 

fill 

('2 - mi 

. ^ = A' 

('2 - rwi 

0.0420 

0.1440 

0.100 

n.u:i.'.7 

0 0.510 

0 m:i\) 

0 0277 

0 0502 

0 2;iK() 

0 140 

0 0174 

0 0077 

0 1705 

0.0200 

0.0,s2.'i 

0 4720 

0 125 

0 0720 

0 1020 

0 :o»o7 

0 02S0 

0.1124 


0 104 

0.1007 

0.1 lao 

0.7104 

0 0270 

0.I7S0 

2.1777 

O.OsOtl 

(1.1020 

0 2;j2;i 

1 . 01.54 

0,0277 

0.24:to 

4.0.544 

0.0747 

0.2240 

o,;i 2 ia 

5.7.551 

0.0270 

0 . 2 s17 

5.4851 

0.0005 

0.2021 

0 . 574 ;^ 

5.1108 

0,0274 


The literature contHins a very rnn'ideralih* nunihfr of like tli<‘ alsivo in whieh 

distribution experiments have lioen ux^d to (hMermim* dissoeiation or assoeiution or l>f>fh. 
Ordinarily, the degree of di.ssociation ha'* l)een known through inflependent, conductivity 
experiments, and the degree of a.ssf)ciation determined by applu’atifm of the theory as given 
alxive. Thus. Hendrixson (foe. cil.) determined the ussoeialatn of Ixmzoic aeid and of Malicylic 
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add in benzene and in chloroform. Herz and Fischer > and Herz and Lewy * have determined 
the aesoriution of acetic acid and chloracetic acid in benzene, toluene, xylene, chloroform, 
bromoforn>, carbon disulfide and carbon tetrachloride, using water as the other solvent in 
each case. Donnan and Garner * by the same method found lithium chloride to exist chiefly 
as double molecules in amyl alcohol. 

Tlicrc hiivc been numerous cases like the above in which distribution experi¬ 
ments have been of use in measuring, with considerable accuracy, the degree 
of association of certain compounds. The effort, on the other hand, to use the 
same method of experimentation so as to measure the degree of electrolytic 
dissociation, has been much less often made and, on the whole, with much less 
success. This has been due, in considerable part, to the fact that but few com¬ 
pounds are known which meet the requirement of being fairly strong elec¬ 
trolytes (salts, strong bases and acids) and of being at the same time soluble 
both in water, where the dissociation occurs, and in non-dissociating solvents 
like the hydrocarbons. There is the further difficulty that, where the above 
requirements arc met, the compound is associated in the second solvent and 
its degree of association not known with sufficient accuracy to be set into the 
above formula: with any great degree of confidence. Where such experiments 
have been possible, they have led to conclusions as to the degree of electrolytic 
dissociation which are out of harmony with the results obtained by other 
methods. Thus Rothmund and Drucker* used distribution experiments in 
investigating the electrolytic dissociation of picric acid in water by measuring 
its distribution between that solvent and benzene. Algebraic treatment similar 
to that given above showed that, on the assumption that the acid exists wholly 
in the form of double molecules when in benzene, its dissociation in water 
follows the mass law, or Ostwald dilution formula, the dissociation constant 
being 0.164. Tliis conclusion stands in contradiction to the fact that strong 
acids do not follow the Ostwald formula, as far as evidence exists based upon 
their electrical conductivity; the contrary evidence of Rothmund and Drucker 
is of course weakened by the fact that an assumption as to the association in 
benzene is involved. Later experiments by Drucker,'’ where tribenzylmethyl- 
ammonium salts were used, gave a much less satisfactory constant for the 
distribution ratio when the assumption was made that the electrolytic dis¬ 
sociation followed the Ostwald formula. More extreme results have been 
found by Schuncke,® who noted that hydrogen chloride loaves ether completely 
and passes wholly into water, and by Hill,’ who studied the distribution of 
silver perchlorate between water and benzene, water and toluene, and water 
and aniline; the salt passes wholly into the water in the first two cases and 
wholly into the aniline in the third case. In all these cases it is clear that there 

' Bcr., 38, 1138 (1905). 

• Z. Emrockern.. 11, 818 (1905). 

‘J. Ckem. Sac., 115, 1325 (1919). 

•Z. phutik. Ckem., 46, 826 (1903). 

‘Z. Elcklrochem., 18, 662 (1912). 

' Z. pkptik. Ckem., 14, 331 (1894). 

V. Am. Ckem. Sac., 43. 254 (1921); 46, 1132 (1924). 
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can be no molecular species common to both phases; what the condition of the 
distributed compound may be in each phase is not easy to determine. 

Study of Other Equilibria by Meinaof Distribution Experiments: It will be 
readily seen that distribution experiment.s may shed 
much light on a variety of other chemical equilibria 
as well as upon association or dissociation. If .r in 
Fig. 3 represent a substance whose distribution co¬ 
efficient between two phases can be determined, and 
if it is capable of entering into a reversible reaction 
with a second substance y in one of the jihascs, tlie 
constants of this second e(|uilibrinm can be easily 
evaluated from a series of distribution experiments; 
analysis of the upper phase for its content of .r will 
give the concentration of nncombined .r in the lower 
phase from the distribution ratio previon.slv deter¬ 
mined, and analysis of the lower irhaso for x will give 
its total concentration as r and .ri/, from which the 

concentration of xy follows; since the total concen- . , , , 

tration of ;/ is the amount taken, and its proportion 
in xy follows from knowledge of tlu' composition of 

that compound, the concentration of uncombined y is likewise known, and 
with X, y and xy known in the lower ])hasc the constants of the equilibrium 
can be immediately calculated. 

In uecordunoo witli this princiiilc, Kuriluff' liiis ■'ttulif.'cl Iho etjuilihriuin 
niiphtht)! + picric acid naiditholpicratc 

in benzene solution. RolofT* ha.s btudied the acinni nf broniiac on poiiiHsium brotnide in 
forming the polybromide KHrj. and Jakowkin ■' has stiidio<I the forrnution of Kiinilar poly* 
iodides and the interesting ease of the h.^•drol.\^is <»f chlorine. 

Cli + HOn^:^IICI +H('I(>. 

Dawson * by studying the distribution of ammonia iM'twem chloroform and imiucous solutions 
of copper sulfate was able to show the exi'toncc of the corniiound (^iS()4.4NIIi in the 
aqueous phase together with certain di><ociiition iiroducts. I-armcr* has, in like manner, 
determined the hydrolysis of the barium .salt of li\drox.\iizol>enzenc by distriliution experi* 
ments between benzene and water. The nietlmd is one of very wide appheability, though 
it is unquestionably true that in many iiibtaijco.s the ootichisions are complicated by the fact 
that there are several Cfiuilibria occurring in each pha.se. 

Nernst {loc. cii.) has given the most generalized form in which equilibria 
may be studied by means of distribution experiments. Let a two-phase system 
be considered, in each phase of which an etiuilibriuin exists according to the 
following scheme: 

niAi + n^A-i + • • • Ui'd/ + njMj' + • * *, 

* Z. phyaik. Chem., 25. 419 (189ft). 

* Z. phynk. Chem., li, 341 (1894). 

*Z. phyaik. Ckem., 20, 19 (1890); 29, 013 (1899); Ber., 30. 518 (1897). 

*J. Chem. Soc.. 89. 1606 (1906). 

* J. Chem. Soc.. 79, 863 (1901). 



Fio. .3. Distribution 



380 


A TREATISE ON PHYSICAL CHEMISTRY 


in which /1 1 , At, Ai and Ai represent molecular species and Hi, nj, and n»’ 
represent the stoichiometrical coefficients; and let C’l, Ci, C,' and C/ represent 
the concentrations of these molecular species in the one phase at equilibrium, 
and Ci, cj, c/ and d the concentrations in the second phase. The mass-law 
equations representing these equilibria in the two phases will be 

CTi'Cl' _ 

c;”'cr’ 


Each of the molecular species is distributed between the two phases, which 
fact is represented by a series of distribution ratios 



By division of the first two equations, an equation results: 

k'l'k'/’ 

It follows therefore that, if the equilibrium constants of a reaction occurring 
at a fixed temperature in a given phase are known and if, also, the distribution 
Constanta of all the molecular species are known, the ecpiilibrium con.stant in 
the second phase at that temperature can be calculated. The conclusion is 
of course valid whether the two phases be liquids or whether one of them be a 
gaseous phase. 

Amorphous Phases: The substitution of an amorphous body for one of 
the liquid phases should have no effect upon the validity of the distribution 
law. It is customary to look upon such amorphous bodies as liquids of high 
viscosity, which |)roperty should in no wise interfere with the establishment of 
a true equilibrium, although it may lengthen the time required for the attain¬ 
ment of c(|uilibrium. Such a case has been studied by Kuster;' ether dis¬ 
tributes itself between water and the amorphous substance caoutchouc as 
shown in Table VUI. 

The application of the distribution law to cases involving a colloidal sub¬ 
stance is simple in principle, but the inter|)retation of the results is by no means 
simple. The adsorption of dissolved substances from solutions upon colloidal 
bodies is obviously a case of distribution of a substance between two phases. 

C" 

Indeed, a common method of writing the adsorption isotherm, — = K, is 

formally identical with the distribution law ns it has been used for cases in- 
■ Z. phyiik. Chan., 13 , 452 ( 1894 ). 
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TABLE VUI 


Distribution of Ether betwef.n rAouTciun r am> Watf.r at IS® 


Ct 

<\ 

(\ (\ 

?'i 

1 

3.85 

1.24 

3.10 

1..58 

7.96 

2.34 

3.-11 

1.21 

16.14 

4 26 

3.79 

0.94 

20.12 

5.07 

3.97 

o.ss 

24 49 

5 06 

4 :13 

os7 

28.82 

6.37 

1.10 

0.S3 

31.43 

6.99 

4..')0 

n so 

35.09 

7.10 

4 71 

n.so 

;i8.09 

7.93 

4..M) 

(I.7S 

49.1S 

<>.1S 

; 9 ; 

0.76 


The first colurijn in(iir;itc> (he urain'* of ctluT |><‘r KHt of tli«‘ caontchoui’ ami 

(hr MTond column the numher of jiraiiiN in tin' ''atin* volume of (lie auueous >olulio(i. 1 In; 
ratio of thovc values, Kiven in column tlir«‘<‘, m\("- hKuies wuh a decided tiend. hut (he sul>- 
stitution of the sijuare root of (he \alue- of (\ m the formula ((’olumn l> Ki^e> \alncs which 
are not fur from :i constant; the conclu-ion l^ tlu'iefore dial, in (he caiaiichuuc jihav, (he 
ether IS prcdonunatiiiKly biniolecular. 

volving associtition; but uhore adsorption from water occurs, for example, tl»e 
oxponpiit u must bo 5i])])licd to the icdlcr ])li;is(*, and is of the order of magnitude 
of ]/") or 1/10. Ueasoning such as has bet'ii used in distriltiitiim experiments 
would therefore lead to the astounding conchision that the distributed phase 
has only a fraction of the niolecuhir weight in the colhiid which it possessi's in 
water. Since compounds usiudly jxissess their minimum niolecidtir wadglil in 
water, the conclusion tlmt they liave still low(*r moli'cnhtr weights in tin* colloid 
jdiase is untenable; rather, it seems wiser to conclinh* tlnit snrfiict* efft'cts have 
here a predominating influence bectiuse of the huge surfaces possessed by 
colloids, and that the distribution hiw is mtisked by these greater influences. 

The Process of Extraction: Probtibly the commonest use to which the 
distribution princiide is imt in ordinary laboratory practice the proci'ss of 
extraction. Organic compounds in paificuliir are easily and completely re¬ 
moved frtun inorganic materials l>y (‘Xtrat-ling the tniueous solution with ether 
or similar organic solvent: the distributnm ratio of most organic bodies is 
hirgely in favor of the etlier phase, whereas that of inorganic bodies is almost 
wholly in favor of the a<iueoiis phase, .so that repeated extractiim with ether 
will give a nearly perfect separation in the majority of instances. It is fre¬ 
quently possible to ineretisc tin' ratio in the desiretl direction bj' jiddition of 
another compound which depresses the dissociation of the sulistance being 
extracted; an organic acid of moderate strength for ('xample can be most ad¬ 
vantageously extracted from water after addition of a strong inorganic acid, 
which bv its excess of hydrogen ion will convert the organic ticid chiefly into 
undissociated molecules, which tire .soluble in the ethereal ])hase whereas the 
ions are not. An organic base, by the same reasoning, is most easily extracted 
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in the presence 0 / a strong inorganic base. The addition of neutral bodies such 
as salts will also in many oases lower the solubility of the organic compound 
in water (the so-called salting-out effect) and thus favor the extraction by the 
ether. 

In the majority of extraction processes there has been no extended study 
as to distribution constants, degree of association, dissociation or combination, 
but the most appropriate extracting agent has been found by the method of 
trial. There is, however, in all cases, a general principle of great value which 
can be applied in determining the best method of extraction with a given 
quantity of extracting liquid, for it can be shown that extraction by means of 
several fractions of the liquid is more complete than if the whole liquid be used 
in a single extraction. A simple example will make this point clear. Let a 
liter of an aqueous solution be considered, holding 100 gms. of an organic 
compound, and let one liter of ether be considered as the extracting liquid; 
further, let the distribution ratio of the compound in ether and water be 2. 
It is apparent that if the whole sample of ether be used in a single extraction 
of the liquid, the amount dissolving in the ether will be 66.7 gms. If on the 
other hand the extraction be carried out with two 500 cc. samples consecutively, 
50 gms. will be extracted on the first treatment, and 25 gms. on the second, 
raising the total yield from 66.7 gms. to 75 gms. If now the extraction be 
conducted with ten 100 cc. samples of ether, the amounts extracted by the 
successive operations will be 16.07 gms., 1.3.89 gms., 11.,58 gms., 9.65 gms., 8.03 
gms., 6.70 gms., 5.58 gms., 4.65 gms., 3.88 gms., 3.23 gms., making a total of 83.86 
gms. In themajorityofinstances, the distribution ratioisfarmorefavorablethan 
the 2 : 1 ratio here assumed, so that extraction approaching 100 per cent can 
frequently be effected with comparatively few operations. In all cases, how¬ 
ever, extraction by fractional parts is more efficient. 

If the distribution ratio is known for the materials contained in a given 
extraction, it is possible to derive a generalized formula winch will show the 
amount still uncxtructed after a given number of operations.’ Let W cc. of a 
solution containing .Co gms. of a substance be repeatedly extracted with L cc. 
of a given solvent. After the first extraction, let Xi represent the number of 
grams remaining unextracted. The concentration in the extracting phase will 

then be ——~ and in the original solution ^ • The distribution ratio K will 
L W 

then be, by definition, 

Xi .To - Xi „ 


whence 


Xl 


= Kir X 


■To — h __ _ Kir 

L ~^°KW + l' 


Taken from Hera, Der Verteilungssata, Stuttgart, 1909, p. 5. 
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After a second extraction X 2 gms. remain in the original solution; the equation 
takes then the corresponding form 


^2 




KW 

kw + l' 


If now the former value for be substituted in the equation, 

KW KW _ r KW 
KW + L ' A'lk + L L A lt' + fj 

Putting the equation now in a generalized form, after the «th extraction, tlie 
resiidual quantity Xn is as follows: 



Inspection of this generalized formula shows tliat for the residue to be very 
small, the distribution constant K should also be small {i.e., the distribution 
ratio toward the phase being extracted should be small), and the numb(T of 
extractions, n, should be large. 

Temperature Coefficients: A change in the distribution ratio with change 
in temperature may be anticipated from the fact that the solubility of a sub¬ 
stance ordinarily changes with the temperature and that the changes are 
usually of different magnitinh* in the two different solvents used. Forbe.s and 
Coolidge * have derived tlu‘ temperature coefficient <»f the distribution ratio of 
succinic acid in water and ether from solubility data, and obtain a calculated 
coefficient of 0.0258 per degree, in good agreement with the ex))orimental 
figure 0.0255. Ilantzsch and Sebaldt ^ find that the distribution ratio of 
acetic acid between water and ether varies only from 2.081 at 0® to 2.10 at 25®, 
and that of mercuric chloride under the saine conditions from 0.301 to 0.420; 
between water and toluene^ the distribution ratio of acetone falls from 2.00 
at 0® to 1.95 at 30®, and that of mercuric chloride in the .same solvents from 
12.35 at 0® to 11.25 at 50°. These are all rather small changes, and liave led 
to the loose but u.seful generalization that temperature changes have but small 
influence upon distribution ratios. This inu.st frcHiuenlly bo the case, since 
the distribution ratio alters {udy with the difference between the solubility 
ratios. In case.s, however, wliere the teinp(*rature coefficients of solubility in 
the two phases are widely different, as wlien^ the solubility coefficient is posi¬ 
tive in one solvent and negative in the other, large changes in the distribution 
ratio must result. The same condition will result if any equilibrium is more 
largely affected by temperature change in tin? one phase than in the other, 
whether the reactions be those of di.s.sociation, n.ssociation, or compound forma¬ 
tion. Thus Hantzsch (/oc. cit.) and his co-workers found that the distribution 

» J. Am. Chem. Soc., 41. 150 (1919). See also MacDouRall, ibid., 41. 1718 (1919). 

* Z. pkysik. Chem., 30. 258 (1K99). 

* Hantzsch and Vogt, Z. physik. Chem., 38, 705 (1901). 
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of ammonia and amines between water and water-like compounds such as 
^(lycerine or ether on the one hand, and hydrocarbons or similar liquids on 
the other hand, shows a very pronounced temperature coefficient, which they 
ascribe to the formation of hydrates or similar compounds. 

On theondical grounds it may be assumed that pressure changes also affect 
distribution ratios between liquid phases, since solubility is affected by the 
pressure; but such (‘ffects must bo f)f exceedingly small magnitude, and have 
not as yet been noted. 

Limitations in Application of the Distribution Law: It has been pointed out 
that the strict application of the distribution law in gas-liquid systems is 
limited to dilute? systems. The .same limitation applies when the phases are 
two li(juids. There is also here the additional limitation that the two licjuid 
j)hases shall not change their mutual solubility with change of concentration 
of the distributed phase. Further, corrections in the formula are necessary for 
each equilibrium affecting the distributed compound in either phase, whether 
of dissociation, a.ssociation or chemical combination. In view of these nu¬ 
merous correction factors, wliich fre(iuently cannot be applied with exactness 
])ecause of our lack of knowledge of the ecjuilibria concerned, it is not surprising 
that absolute constancy in the distribution ratio between two liquids has 
rarely, if ever, been found. It is obvious, therefore, that the distribution 
principle is interwoven into the problem of the condition of dissolved bodies, 
concerning which our knowledge is far from complete.‘ Because of this inter¬ 
relation it is the part of wisdom to accept the distril)ution law tentatively as 
valid and make use of it in gaining information as to the nature of the changes 
which a body undergoes upon being dissolved in a li(piid. 

DlSTIUUtmON IN THB SVSTEM LiQUID-SoLID 

In extending the distribution law to systems containing a .solid phase, the 
only new point of view necessary concerns a solid body as a solvent. A 
more complete presentation of this topic will follow in the discussion of the 
phase rule. For the present purpose it is sufficient to look upon a solid solution 
as a substance as truly homogeneous as a licpihl solution, but with the physical 
attributes of the solid comlition instead of the liquid condition. The distribu¬ 
tion ratio of a substance between a solid and a liquid phase will be the ratio 
of its solubilities in the solid and liquid. Solids do not so frequently show 
.solvent properties as do liquids; thus ice is not a .solvent for countles.s com¬ 
pounds which dissolve freely in liipiid water; but a certain number of other 
solids have been found to possess this property, and, in certain of such cases, 
the distribution law has been tested. Table IX gives the results of Beck¬ 
mann’s experiments on the distribution of thiophene between liqui<l benzene 
and solid benzene and Bruni’s^ work on piperidine in the same two solvents. 

> S(‘e Haatzsoh und Sebaldt, loc. cU.; Hantzsoh uiul Vogt, lor cil; Gcorgivios. Z. phystk. 
Chem.. 84. 358 (1913) jumI 90. 47 (1915); Smith, J. Phya. Chem., 25. 100. 204 and 005 (1921). 

* Z. phyai\ Chem., 22, 012 (1897). 
chim. itai, 28, 1. 259 (1898). 
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The columns headed Ci represent the percentage composition of thiophene or piperidine in 
the liquid l>cnzenc and those headed represfiit their concentration in the solnl lH>n*ent‘. 
The temperatures are the freezing point temiieraiurc'' of the lienzcnt' .solutions, slightly 
loner than the freezing point of pure Iwnzene (5.4s°). 

TAHLE IX 


DlSTRinUTfON OF ThIOPHKNK ANO of PlPF.IliniN'K ItKTWKFS' Liqfll) 
Ben'zbnf. and Solid HENzt.Nb 



Thiophene 


Pipeudim- 

(’/ 

('s 

C'.S.'C, 

<'t 

f'! 

<'s <'l 

1.22 

0.4.S 

0.390 

0 553 

0.072 

0 13 

2.28 

0.90 

0.134 

1.37 

0 155 

0.11 

2.S7 

1.29 

0.459 

2 57 

0.210 

0 09 

3.42 

1.49 

0.437 

3 21 

0.313 

O.IO 

4..)0 

1.87 

0.114 

1.20 

0.199 

0.12 

0 44 

2.00 

0.413 

l.tiS 

0.015 

0.13 

11.21) 

4.:is 

0.391 




10.00 

0.20 

( .;t79 





Irnm the constancy of tlie lation Cs'<'i. it i' apivirent that lK)fh thiophene and pipen<liiic 
])ossc» till' same molecular condition m solid benzene as m its li<|uid form. It mil also be 
noteil that till' solubility of tluophem' m sohil benzene is \ei\ i-oii'lderalile. ainoimtUig to 
about I 10 of its solubilitv m the luptid, it is e\i.|ent ilierefoic that purification of Ix-nzenc 
from thio|)hene by the mefluxl of crystallization is Inset with ilifficulties. Iodine has aUo 
Ih-.'Ii found I to ha\e a relatively high solubility in solnl benzene an<l to possess imriiml 
molecular weight in both the liquid and soli<! solvent. 

In the tibove oxunijiles, tlit' sjtine siilistance lit^urt's :\n Milvtqit itt Ixdli flu* 
solitl plijisp jiikI tlio ]iliasi': the distrihutioii fnilows llie .sjiine 

liu\\o\or, wlioii tlu‘ solitl ])has(' i.s uf (lilTtu’eni eoinposititm. -As an (’Xainple, 
there are Kiven in Taldo X fimires on the (li.strihntion of tliallons iiitrati' hetwmqi 
solid potassium nitrate and tin a(Hi(*oiis sidiition, as deli'rnnned i>y I'oek.^ It 
is of Course necessary tinit tlie sohition he stitiirated witli the poltissinni nitiiite 
in order that tlie solid ])hase may he present. 

The cuiieentrulion of this salt, exjiressed in moles per litei is given in lh<- first eoliimn. 
The coneentration of the (hallons nitrate in the liquid pliase (f;) is given in eohiinn 2 and its 
eoiieentration in the solhl potassium nitrate in column d i('s), IkUIi exi.res.sed in moles per 
100 moles of solution, the ratio W'eii m column I is satisfactorily eonstimt. and again 

show^ that the molecular eonditi..ii of the thalh.us nitiate is the same m both solvents. 
Ionization has been reduced to a minimum in the aqueous phase by the common ion from the 
large exee" of potassium nitrate. 

Distribution' in Othku Systems 

AVhore two phases are under discussion, the jiossihilities as to conihinalions 
in which distribution might occur are the following; gas-liijuid, litjuid-litjuid, 

* van’t Hoff's Lectures, II. 75. 

Krystall., 28. 337. ZeiUral, IS91. I. 710, taken from Lewis. Physical Chemistry, 
1910. p. 344. 
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TABLE X 


Dihtiubution of Thallous Nitrate between Solid Potassium Nitrate 
AND Aqueous Solution 


rone. KNOi 

Cl 

Cs 

CilCs 

3.2<;58 


2.77 

WMWM 

3.2944 


1.78 


3.2081 

0.0063 

0.57 


3.2851 

0.0231 



3.2515 

0.0089 

0.08 

0.111 


liquid-BoliJ, gas-solid, solid-solid. Two gaseous phases are impossible, since 
all gases are com])letely soluble. Three of these five combinations have been 
discussed above; the discussion of the remaining two may be made brief. 
Distribution between a gaseous phase and a solid phase of course requires that 
the distributed compound bo itself a gas, and capable of dissolving in the solid. 
That such cases occur is in accord with the well-known diffusion of hydrogen 
through platinum or palladium, but the solubilities are usually of a low order; 
when large apparent solubilities are found, the result is frequently to be attrib¬ 
uted to adsorption upon the surface of the solid, and results are obtained which 
are not easily interpreted in terms of the distribution law. A number of inter¬ 
esting cases have been investigated by Sieverts and his co-workers,' by whom 
the solution of several gases in common metals was quantitatively examined. 
The figures for the solubility of hydrogen in nickel are given below. 


TABLE IX 


Solubility of Hydrogen in 20.97 Gmb. Nickel 


lut Series: Temp. = 923° 

2d Series: Temp. = 822° 

Pressure in Cm. 

C>. of H, 

yjp 

Pressure in Cm. 

Cc. of Hj j 

Vp 

of Hg 

Dissolved 

VI 

of He 

Dissolved j 

m 

704 

2.03 

10.5 

704 

2.20 

12.6 

603 

2.50 

10.3 

060 

2.08 

12.4 

584 

2..39 

10.1 

583 

1.93 

12.5 

448 

2.00 

10.3 

529 

1.80 

12.4 

310 

1.62 

11.0 

447 

1.71 

12.4 

104 

1.11 

11.5 

318 

1.41 

i 12.7 

129 

0.98 

11.0 

165 

l.Ol 

12.7 




132 

0.89 

12.9 




88 

0.72 

13.0 



1 

52 1 

0.50 

14.4 


' Z. phyaik. Chrm., 60, 129 (1907), 68. 115 (1910); Ber., 42, 338 (1909), «, 893 (1910), 
45, 321 and 2676 (1912). 
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In these experiments, as in most others in which a gas is dissolved hy a solid, it appears that 
the solubility is not directly proportional to the pressure, ns would be the case if Henry’s 
law expressed the conditions, but is proportional to the S4juare root of the pressure; as inter¬ 
preted previously, this indicates that the gases in the solid ^solution have one half the molondar 
weight which they possess in the gaseous condition, that is, that h.\drogen and other elementary 
gases arc present in monatomic condition in the solid phase. .\n euuatly siinplc interpretation 
for the case of sulphur dioxide in molten copper is not available. The ditficulty was elucidated 
by Stubbs' who showed that interaction with the copper ociairs. 

The solubility or insolubility of a given gas in a given metal ha.s naturally a verj' im¬ 
portant bearing upon the use of the metal as a catalyst in reactions m which the ga-s takes 
part; Sieverts gives the following classification of cases studied by him: 

nitrogen; not dissolved by metals except by iron and aluminium with the fonnalion 
of nitrides. 

carbon dioxide: insoluble in copper. 

carbon monoxide: soluble in nickel; insoluble in cupjicr. 

oxygen: soluble in (molten) silver. 

sulfur dioxide; soluble in (molten) copper. 

hydrogen: soluble in copper, nickel, iron, palbnlium, insoluble in cadmium, thallium, 
zinc, lead, bismuth, tin, antimon\, siher and gold. 

It will be shown, however, in C'liapter XV that it is the adsorlx'd gas rather than the 
dissolved gas which is really important in catalytii' work. 

For solid-solid systems the available data are meager; altlioiij^li two solids 
may frequently show mutual solubility, whielt will be di.''Cii.'<sed under the 
phase rule, the equilibria are usually attained only after lon^^ intervals, and 
independent analyses of the phases are nut ea.sily made. I'or tlieso reasons 
application of the distribution law has rarely been attempted. 

When three-pliase systems are considerial, tht' distribution law’ is still 
applicable. The simplest api)lication woul<l be wiien the K!Is<*<'Us phase over 
two liquid phases is taken into tlie calculation. It is apparent how<?ver tliiit 
with increase in the number of phases tlie possibilities as to a.ssociation, dis¬ 
sociation and chemical combination are likewise increased, and llu' application 
of the distribution law becomes increasingly difiicult. 

Till-: lu LK 

The most useful generalization relating to the physical and cliemical reac¬ 
tions which occur in heterogeneous systems is the phase rule of Willard (lihbs.* 
Published in a journal not widely read ami developed in a mathematical fashion, 
its fundamental value was not at once recognized. It is owing to the subse¬ 
quent adoption of the phase rule by Roozeboom, Ostwald and van t Hoff that 
it has become generally known to chemists and physicists as a principle of the 
widest applicability, of the higliest value in the classification of heterogeneous 
equilibria and of the greatest reliability in tlie settlement of disputed points, 
vanT Hoff made use of the rule in many of his published investigations, Rooze¬ 
boom made it the basis of his monumental monograph,® Die heterogenen 

Chem. Soe., lOi, li45 (lOlZ). Prvc.Chem. Sor.. 29,225. 

'Gibbs, Transactionn Conncctiait Acnd., 1H74-187H, also in Gibbs Collected Scientific 
Papers, Longmans, Green and Co . 1900. 

» Rooxeboom. Die heterogenen (ileichgcwielue. Bnmnsfhweig, 1901 et seq. 
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Gleichgewichte, and Ostwald adopted it as his basis of classification in his 
Lehrhuch.' Roozcboom had previously been making use of the phase rule in 
his investigations beginning as early as 1884 to 1887,* at the suggestion of 
van der Waals. It has since this time come into very general use, and has 
the advantage over others of our commonly accepted generalizations in that 
it contains no assumptions based upon theory, such as the molecular hypothesis, 
the kinetic theory, theories of constitution of mutter or of chemical reaction, 
and is therefore not subject to revision or rejection as our views of these matters 
may change. 

In order to a))preciate the importance of Gibbs’ generalization, it is neces¬ 
sary to have an idea of the tyi)e of phenomena with which the phase rule is 
concerned. In a general way it may lie stated that the effect'of changing 
tcmi)erature, pressure or concentrations in any heterogeneous sy.stem would 
have to be considered a siiecial problem for each system investigated were it 
not for the phase rule; by its means, however, the effect of these changing 
conditions can be shown to follow a definite rule for all systems. A few in¬ 
stances will illustrate the point. Three open flasks may be taken, containing 
respectively j)ure water, a dilute solution of hydrochloric aci<l and a dilute 
solution of sodium chloride; if these three licpiids be heated, their behavior will 
he entirely different. The water will undergo a steady rise of temperature 
until its boiling point of 100° is reached, at which point the Ii(|uid will boil 
away without change of temperature until the flask is dry. In the second case, 
the liquUl will begin to boil at some temperature not far from 100° but the 
temperature will still continue to rise and the solution become more and more 
concentrated with r(‘spect to hydrochloric acid until a temperature of 110° is 
reached, at which point the liciuid will continue to boil without change of 
tem])erature or of composition until this flask also is dry. In the third case 
the li(iuid will also begin to boil at a little above 100°, and again the temper¬ 
ature will rise until, at about 107°, solid sodium chloride begins to precipitate; 
the temperature will then remain constant while the remainder of the water 
boils off, leaving the dry salt behind. The widely different behavior of the.se 
three solutions has of course long been known; but it remained tor the phase 
rule to show that the three cases could all be interi)reted in terms of a single 
law. In like fashion, if the three solutions were subjected to conditioius which 
would withdraw heat from them, the first would show a constant temperature 
only once during the withdrawal, the third twice and the second a number of 
times—explicable again in terms of the same phase rule. In short, a very 
large number of previously unrelated phenomena, dealing with changes involv¬ 
ing several phases, have been clearly and intelligibly related by means of the 
phase rule, and predictioms as to countless reactions not yet investigated may 
be made with complete safety. 

The Phase Rule: The phase rule of Gibbs is stated in terms of the number 
of phases present in a system at equilibrium, the number of components from 

‘ Ostwttld, Lohrbuoh der AllRenieinen Chemie, 2d Edition, LeipziK, 1903. 

* Die hetcrogcuen CJleirligowiehte, I. p. 7. 
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which the system can be built up, aiul the number of conditions (pressure, 
conjpositiou or temperature) which may bo varied without causing a change 
in the number of phases. In words tlie statement of tlie relationship is some¬ 
what cumbersome, but it may be very simply exi)ressed by the e(iuation 

= C - P + 2, 

in which C stands for the number of components of the system, P the nuinl>er 
of phases present, and F the degree of freedom, or tiie variance, of the system. 
Before passing to the application of this rule to any system iimier observation, 
it is necessary that each of the terms used, either in a v(‘rbal statement of the 
rule or in the equation, should be accurately defined and thoroughly under¬ 
stood. The li.st includes the terms equilibrium, phase, component, and degree 
of freedom. 

Equilibrium: An equilibrium exists in any .system under a fixed set of 
conditions when the parts of the system do not undergo any change of projierties 
with the pa.ssage of time, provided (which is the crux of the statement) that 
the parts of the system have these same properties when the same condithms 
are again arrived at by a ilifferent procedure. It is this provision which makes 
possible the distinction between stable equilibrium and metastable equilibrium; 
in both ca.ses the system may be capable of maintaining it.self perhaps in¬ 
definitely without change, but in the case of metastable eijuilibrium an altera¬ 
tion in the method of producing the .system will give us an entirely new set of 
properties. As an example of this distinction, let a vessel of water be con¬ 
sidered which is cooled slowly and carefully to a temperature of — 1“; with 
care such a system may be maintained as long as desired, and will c<msist of 
water of a certain density ami vapor of a certain pressure It appears then 
that the system is in equilibrium. Again, ice at some low temperature may 
be carefully warmed to — 1°, when it will have a fixed dim.dty and a fixed vap(»r 
pressure somewhat lower than that of the former system; eiiuilibrium appears 
to exist in the .second case also. The distinction lies in the fact that this second 
system may also be produced by cooling water, whih* the first can never be 
produced by warming ice; ice and vapor at — may then lx* coii.sidered a 
system in stable equilibrium, while water and vajior at - 1° are in metastablo 
equilibrium. 

.In making use of the pha.se rule, it is a matter of the most fundamental 
importance to remember that it applies to systems in true ecpiilibrium and only 
when they are in true equilibrium. If llie matliematical application of the 
rule shows, in some of the cases to be studie«i, that only a certain number and 
clas.s of phases can be present at e<juilibrium, the conclusion of course i.s not 
justified that no other number of i)hases can l)e jire.^ent; if the system is not in 
temperature equilibrium (i.e., if different parts of it have different temperatures) 
or if the phases are out of ecpiilibrium (i e , the phase reactions have not been 
completed), the .system may be quite different from that which woiihl l)o deduced 
by the phase rule. Practical ex])erience with conventional ice water will 
convince anyone that it is po.ssible to have ice, water and vapor in a tumbler 

13 
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many degrees above zero, and the experience does not constitute a contradic¬ 
tion of the phase rule; it indicates only that we frequently drink the liquid be¬ 
fore equilibrium has been attained. Nor does the phase rule give any indica¬ 
tion of the rapidity or slowness with which a given equilibrium is reached or 
how it is most easily produced; it is severely limited to an exact statement of 
the existing conditions when equilibrium has been attained, in the sense in 
which equilibrium has been defined above. 

Phases: The term phase has for some time been a part of the nomenclature 
of elementary chemistry; the concept is simple and easily grasped. A phase 
is any part of a sy.stem, which is homogeneous throughout; it is bounded by a 
surface and is mechanically separable from the other parts of the system. 
Such a phase is necessarily in one of the three physical states of aggregation, 
gaseous, liquid or solid. Since all gases are found to be mutually soluble, 
that is, to ])ass into a homogeneous condition, it follows that there can be only 
a single gaseous phase in any system under consideration; with liquids complete 
solubility is by no means always the case, and there may therefore be several 
liquid phases present in certain systems, and the same is true for solids. How¬ 
ever many liquids or solids may have been formed under varying conditions 
from the components of a given system, in no case has the number of liquid 
phases coexisting at equilibrium been found greater than the number of the 
components in the system, and the nuHd)er of coexistent soli<l phases at equi¬ 
librium cannot exceed the number of components by more than two, as will be 
shown later. With regard to the composition of the gaseous, liquid and solid 
pha.ses, the phase rule makes no assunqrtion as to their classification as elements, 
compounds or solutions, and distinguishes only between phase.s of fixed compo¬ 
sition and those of variable composition; but, if the customary chemical 
method of classification be used, it may be stated that any i)hase, whether 
gaseous, liquid or solid, may be composed of an element, a compound, or a 
solution of elements or compounds, since all these forms are homogeneous. 
Mixtures only are excluded, since, by definition, a mixture is heterogeneous 
and therefore composed of at least two phases. Finally it should be pointed 
out that a phase need not bo continuous; the ga.seous phase, because of the 
diffusibility of gases, is generally continuous in any system, and the liquid 
phase because of the fluidity of liquids is usually so, though it may of course 
be broken into droi)lets by agitation; solids however are commonly present as 
discontinuous fragments, (,'ontinuity is excluded from the definition of a 
phase, since discontinuity brings about no change except one of surface, which 
will be disciKssed in the paragraph on variables. Gibbs' in introducing the 
term phase states that it refers “solely to the composition and thermodynamic 
state of any body without regard to its quantity or form.’’ 

Components: The concept of the components is frequently less easily 
grasped than the other ncce.ssary concepts by those taking up, for the first 
time, the study of the phase rule. This is, perhaps, because of a double use 
to which we put the term. It is necessary to derive, in the first place, the 

* Scientific Papers, p. 96. 
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vttmber of components, in order to have a miinericai value to substitute for the 
term C in the phase-rule equation; if is also necessary to name the individual 
cotnponetils in terms of which the comp(»siti(Ui (tf the various phases is t(> be 
expressed. The number of components must have a perfectly definite value, 
derivable in a systematic manner, and subject to no arl>i(rary desire on the 
part of the investigator. The indivi^lual components on the <ither hand, while 
limited in number as stated, may lx* cllo^en at will within certain limits, as 
will be shown; hero, there is a certain freedom (*f choice md permissible in the 
former instance. 

The number of components of a system at eciuilibrium is defined as the 
smallest number of independently variable coiistitiu'iits by means of which 
the composition of each phase may be mathematically e\|)ref.se<l. In accord¬ 
ance with this definition it is possible, though it is not (he usual practice, to 
determine this number without any reference to what the indivi<lual com¬ 
ponents may be. This may be done, f(»r example, by determining the value of 
C in the equation when the other variables (/-’ and P) are known. It is also 
po.ssiblc to arrive at the rnimber empirically, from analysis of all the pliases 
present; if they are all of the sauu' compositiorj {umh'r varying conditions), 
the system is of one component, if the phases present can be produced fnmi any 
two pha.ses, the system is of two ciunponents, while if more phases are necessary 
to express the composition of any one, the numb(‘r of conquitnuits is represented 
by that number (d ])ha.ses. .More comnuuily, howe\er, the number of compo¬ 
nents is deduced from knowledge as to the physical or chemical changes which 
the .system undergoes. Thus if the decomi>osition of calcium carlxmate by 
heat is being studied, it is known that tlie ])hases present consist of a gaseous 
phase composed chiefly of (’O- with whatever fraci's (d CaC'O., and < a() are 
capable (d volatilization, and two solnl phases, (’aO and Cat'Oj. It is clear 
that from two components, most simply ('().. and ('aO, the composition of each 
(d these three phases may be expressed in the usual terms of p<‘rcentage by 
weight, or in terms <d other units; a smaller number (one) is incapable of doing 
this. In expressing the C(unposition (d (la* solid (’aO, the amount (d CO^ is 
zero; neither zero values nor negative values however are excluded by the defi¬ 
nition given. If we now consider what indu'Hlual romponents shall be chosen 
in discussing this system, it would be wisest to ciioose ('Oj and ('aO, since minus 
quantities will then not enter into any statement <d composition and graphical 
repre.sentation will be most simple; but other choice may be made, as illustrated 
Irelow. 


(’oniponeats ohosen 

( a(> 4- 

i 'at •(), -f (■u() 

CuCOi. -1- COj 

Per rent composition| 

OVc ('aO 

150% CaC’lb 

0%: CaCO. 

of Ka-seous phase 

-1- 100% roj 

- .50% ('nO 

+ 100%, COt 

Per cent composition 

100 % CaO 

0 % Caro, 

l4A7o 

of quick-lime phase 

+ 0% COj 

+ 100% CaO 

- 44% COj 

Per cent composition 

50% CaO 

1(H)% ( hCC), 

100% CuCO, 

of carbonate phase. 

+ 44% C(h 

+ 0% CaO 

+ 0% f'Oi 
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It happens that, in this instance, each phase is of invariant composition, but 
in .some two component systems the composition of some phase, namely, a soiu- 
tion may vary from 0 per cent of component A and 100 per cent of component 
II to too per cent of A and 0 per cent of B. 

Tlie number of components of a system may differ also with the conditions 
under which its e(iuilil)ria are being studied. Thus, water is regarded as a 
one-component system because, under the ordinary conditions of experimenta¬ 
tion, the three phases found (ice, licpiid and vapor) may all be expressed as 
comi>oscd of water aloiu!; but, if temperatures are raised until the dissociation 
of water has begun, according to the (uiuilibrium 

2I[, + 0, 2HjO, 

it would no longer be ])ossiblo to express all po.ssible compositions in terms of 
water; for, if excess hydrogen or oxygen be introduced, the composition of the 
vapor phase can be expressed only in terms of two components, hydrogen and 
oxygen, whose concentrations can be independently varied. The number of 
components then, while always definite, may vary with the condition of the 
system, and is arrived at in accordance with the definition given; the individual 
componrnh may be chosen according to convenience from among the sub¬ 
stances taking part in the equilibrium. 

It is upon the basis of the number of components that systems are classified 
for phase-rule study as one-component systems, two-component systems, etc. 

Degree of Freedom (Variance of a System): In the application of the 
phase rule, the independently variable conditions which are taken into con¬ 
sideration ar(' three in number— temperature, prca.sure, and composition. This 
restriction of the tyiies of indepenilent variables to three is of course arbitrary; 
usually the effects of gravitation, of electrical condition, of surface energy and 
of liglit absorption are purposely excluded. It is necessarily true that these 
variables may have an effect upon the e(iuilibrium existing between various 
phases, but in large numbers of rases their ctTect is negligibly small; in the 
cases where their effect is larg<', the phase rule as here given affords but small 
help, as in the field of colloid chemistry, where surface energy is the most 
influential factor. If only these thrc'o variables are considered, it follows that 
when these three are known the system may he regarded ns defined; that is, a 
complete statement of the properties of each phase is implied by the statement 
of the three variables. Thus, to state that a gaseous system contains 50 per 
cent each of carbon dioxide and nitrog('n at 20° and 700 mm. pressure of 
mercury, defines the system in that any other sample of these gases made up 
according to the same conditions will be identical with the first in all properties 
except mass. 

It is however not nece.ssary in all cases to fix as many as three conditions 
in order to define the system under observation, and it is preci.sely the number 
of these variables which must be arbitrarily fixed, in order completely to define 
the system, that is culled the degree of freedom of that system. The mixture 
of gases mentioned above is obviously a system with three degrees of freedom, 
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since a statement of a temperature, a pressure and a eiincentration were 
necessary; if the system to be defined is a saturated solution of sodium chloride 
with excess solid and vapor, we need mention only the desired temperature and 
pressure (two degrees of freedom), while for a system of i<*e. water and vapor no 
further statement of condition is necessary. The specific apjdieation of this 
principle will appear in the examples be studied; it will suHice for the present 
to state the customary nomenclature, which is t<> describe systems with no 
degree of freedom as iniutriant, those witli one degree (d freedom as laiiroriant, 
those with two as hivarianf, and so on for dtlu-r multivariant systems. The 
jios.sibility for a system to have a variance greater than three, where only 
temperature, pressure and composition are the varialfies, lies m the fact that, 
f(>r multicomponent systems, knowledge of the concentration (d nmre tlian one 
component is necessary in order to stat<‘ tlie composition: thus, in a .solution 
containing three components, the C(unposition with re.siK'ct to two must be 
stated before the composition (d the .solution is known. 

Further Restrictions : In the application of the phase rule equation, it 
frequently liappens that there an* certain additional restrictions whicli must 
l)c taken into account in the equation. The matliematical I'ib'ct of any sueli 
additional restriction is to decrease by oiu* tlie value of the tiTins upon the 
riglvt hand of tlie e(iuati()n F = (' — P -j- 2. wliicli nu'ans n(*C(‘ssarily to reduce 
the number (d degrees (d freialom liy oik*. '^I'liis would l)e the same in efTect 
as decreasing the number of compoinuits by (Uie, and is usually viewed in that 
manner. An illustration will make the practice ch'ar. If the suhstance under 
investigation were ammonium ehliiride, wliich decomposes acconling to the 
equation 

NHA’l • ■-XII3 + H('l, 

it is ch*ar that tlie system is a tw<i-component systiun sinc(‘, if all jiossiblc ri'la- 
tioiiships in the gaseous iiha.se arc studii'd, varying amounts <d Xllj and IK 1 
must be add(‘d, and tin* composition (d tliat phase cannot he expressial by 
fewer eomponents than thosi' two. Kill, let tlie restriction now be imposed 
that the Xllsand IK'I shall always be 111 tlic molecular ratio 1 : 1; i.e., that im 
exce.ss XH 3 or HCl shall be added; the system may umler these conditions bo 
treated literally as a one*component sys((*m since the conqiosition (d eitln’r 
phase may be regarded as XHA’I, niid will liavi* tlu* number of degree.s of 
freedom corresponding to a oni'-compom'iit sy'tem. Again, in the stinly of a 
liquid which undergoes the critical phenumena at its critical temperature, it 
miglit appear, since we have only two phases present, that tin* system is uni- 
variant, since substitution of 1 for (' ami 2 for P gives i* = 1; actually however 
tlie statement that tlie substance is undergoing the critical phenomena impo.ses 
an additional restriction inclinled in the delinition id the critical stat(*, wliich is 
that the two phases shall be identical. This restriction reduces the degrees of 
freedom by one and indicates that the system is invariant, which means that 
the critical phenomena occur only at a fixed and unvarying temperature and 
pressure for a given liquid. Tliis is of course in accord with the facts; the 
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omission of the added restriction would lead to the entirely false conclusion 
that the system is univariant and that the experimenter might therefore de¬ 
termine for ii/mself at what temperature or at what pressure the liquid might 
he made to pass into the critical condition. Indeed, it is just this restriction 
which differentiates a one-component liquid at its boiling point, which is a 
state of univariant equilibrium and the temperature of which can be altered by 
changing the pre.s,surc, from the same liquid at its critical temperature, when 
the sy.stem is invariant. 

Derivation of the Phase Rule: With the various terms of the phase rule 
discussed, a l)ricf statement of its method of derivation may be made. The 
rigorous thermodynamic derivation which Gibbs made is abstract and difficult; 
the render is referred to Gibbs’ papers (loc. cit.) for details, or to other extended 
treatises.' The following is not given as a rigorous derivation, but is never¬ 
theless useful in showing in a general way the method of derivation which 
Gibbs used. 

It has previously been shown that the degree of freedom (F) of a system 
is the number of variables which must be arbitrarily fixed in order to define the 
system. It follows simply enough that the number of such variables must be 
equal to the total number of variables of the system minus the number of 
variables which are defined by the system itself; that is, 

F = (total variables of the system) — (defined variables). 

A numerical statement of thc.se two terms in the equation, if it can be put in 
such fashion as to include only the nvmiber of phases and number of components, 
will give the phase rule equation. 

The total number of variables can easily be calculated. As stated above, 
they may be the variables of temperature, of pressure and of composition. 
There can be but one temperature and one pressure throughout a system at 
equilibrium, so that the temi)ernture and pressure variables total two. The 
composition variables however may be numerous. In each phase the com¬ 
position may vary, and within each phase the number of variations in compo¬ 
sition is equal to the number of components less one, i.e., to (C — 1), since for 
two components we may vary the percentage composition with respect to 
one of them and derive the second by difference, and for three components by 
similar reasoning we may vary tw(). The total number of composition variables 
in all the phases is therefore P(C — 1), and the total number of variables of 
all kinds is greater by the two variables of temperature aud pressure, so that 
the total number of variables to be set in the equation above is P(C — 1)4-2. 

In order to calculate the second term, the number of variables defined by 
the system itself, Gibbs introduced the concept of the thermodynamic or 
chemical potential which each component possesses, and which is the intensity 
factor of the chemical energy of that component. In a system at equilibrium 
this chemical potential of each component must be the same in each phase, 

> RoOBOlwuai. Die heterogeuea Gloichgewichte, 1. 21; Partington, Tbennodynamica. D, 
van Noatrand, 1024. 
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just as for thermal equilibrium the temperature, which is an intensity factor, 
must be the same in all parts. The potential of a given component in a given 
phase is a function of the temperature, the pressure and the composition of 
that pha.?e and an equation exists relating the potential to those three variables.^ 
A similar equation exists for this same component in each other phase, giving 
a number of equations equal to P; but since the potential is the .same in each 
case, it follows mathematically there will be only P — 1 independent equations 
for that component. The fact that tliese eipiations may have a form and 
value unknown to us is of no importance; the essential is that there are P — 1 
relationships which actually define the potential of tliat component in the 
system. Since what is true for one component is true for all, there are C{P — 1) 
relationships existing in the system which define the chemical potential of all 
the components, and hence define the equilibrium. 

It remains only to insert these two terms in the e(juation given above: 

P = [/’(C - 1) + 2] - [r(/* - 1)] =:(’-/* + 2. 

Systems of One Oomfonent 

When a system consisting of a singh* component is considered, it follows, 
by substitution in the phase-rule e<juati(m, that it is Invariant if it exists in 
but one phase, univariant if it exists in two phase.^, and invariant if it exists 
in three. Since the number of |)lla.^es cannot be le>> than one, the degree of 
freedom of such a system cannot exceed Invariance. The imiependent variables 
arc limited to the pressure and the temperatun\ since all phases are alike in 
compo.sition.= If it is assumed that such a sx^tem can liave but one vapor 
phase, one liquid phase, and om* solid phase, tiu* following classification may 
he made, in which the symbols 1', L, and S ■'(and respectively for vapor phase, 
liquid phase and solid pliase: 

nivari.arit rnivarinio Inviirlaiit 

r L + r N + A + r 

L s+y 

S L + .S 

More than a single vapor phase cannot be present, since gases or vapors are 
always mutually soluble, and more than a single li<iuid phase is also unknown, 

> It i» worth nofiiut that the actual masn of ihc plia»e i»lays no jjart in the e<iiiation. and 
heiioe has no influence upon (he e<juilihriuin. 1 his is a fiindanientul feature of heterogeneous 
e<iuilihria. It was recognized before the stiilemeiil of the phase rule, iui<l finds expression 
for example in the well-known tenet that in nuiss-liiw e4piilil>riii the active mass of the solid 
is constant. 

* This statement is (rue only in a restricted sense. 1 he amount of material per unit 
volume, or density, of course varies from jihase to phase, and the density (or 8i)ecific volume) 
may therefore Ijo rejtnrde<l a.s a third indepetKlent variable. The familiar diaxram of the 
pressure-volume relations of the gaseous and Ihiuid state, showiiiK the equality of volumes 
at the critical point, is the commonest example in which the vcdmiic is treated ns an inde¬ 
pendent variable. 
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thoujjh it Ik possible to regard liquid crystals as constituting a second liquid; 
of solid modifications (polymorphic forms) there may be a large number. If a 
second such solid form exists, the number of possible equilibria is increased by 
seven, since it can exist alone or in contact with each of the other three forms 
or in contact with each of the three combinations of two forms; the existence 
of a third solid form will of course increase the number of possible systems 
still more largely. It does not follow however that all of these .systems which 
may be eonceiv(‘d as algebraical possibilities shall be capable of experimental 
realization; s<mietimes such e(|uilibria can be shown to be necessarily false, 
and in many other cases the experimental requirements of temperature or 
pressure cannot be met. Nevertheless, the number of such typical systems 
which have been studied is very large, indeed much too large for systematic 
treatment within the limits of this chapter; still less will it be possible to 
illustrate all ])ossibie types of equilibria for two-component or multi-component 
systems. A few examjdes of the better known one-component, two-component 
and three-compoiumt systems will be discussed, with whatever generalizations 
may be drawn from them; for more exhaustive study, the student i.s referred 
to any of tin* several treatises on the phase rule.' 

Water: In procee<ling to a study of this substance, it will l)e .simplest if wc 
recount tin* well-known facts with reference to its occurrence in different pha.ses 
and then interpret them in terms of the pha.se rule. These outstanding facts 
are that the li()uid has a vapor j)ressure which incroa.ses with the temperature 
(amounting to 700 mm. of mercury at 100®, which i.s its boiling point) until the 
temperature reaches 374° C'., at which point it undergoes the critical phe¬ 
nomena; that, upon cooling, it freezes to form ice at 0° under atmospheric 
pressure, which .solid alsij has a small but measurable vapor pressure; and, 
lastly, that this freezing point is lowered by incroa.sed pressure. The state¬ 
ment of the.se well-known facts implies tiie following phase equilibria: (1) 
liquid water and its vapor, in which the vapor pressure increases with the 
teniperature, (2) ice and vapor, in which the vapor pressure aiul temperature 
bear a similar relationship, (8) solid and liquid, in which the jnciting point 
decreases with |>ressurc increase, and (4) solid, liquid and vapor, existing to¬ 
gether only at a fixed temperature of ap|)roximately 0° C'. In these four 
e(iuilibria, ))ressure and temperature are the only variables mentioned; in this 
system tluu'e can be no variations in composition, since each phase is wholly 
water under all conditions. The quantitative data for these relationships 
are given in the bdlowing table. 

The same data are shown schematically in Fig. 4, in which the pressure is 
written as (U'dinate and the temperature as abscissa. Three curves result, 
representing the three univariant equilibria. The curve (’Oh, which will be 
discussed first, represents the equilibrium between liquid water and vapor, and 
is the so-calleil vapor prmwrc curve for water. For every temperature there 

’ Dio hotoroffonoii (JloiohRouichto. BraunsohwoiR; vol. 1 and 2, I by Kooroboom, 1901 
and 1904 : 2. II l>y HuchiuT. 191S, 2, III by 1918, 3, I and II by Srhreinemakers, 
1911 and 1913. The Phase Unle, by Hnnen)ft. 1897. The Phase Rule an<l its .\pplica- 
tionu, Findlay, 1923 JHiition). The Principles of the Phase Theory, Chbl>en'<. 1920. 
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TABLE XII 


EqUILIBMICU PnESSCRES FOR Water 



Water -|- Vapor 

Ice 4- Vapor 

Ice + Water 


L = r 

r 

.S’ L 

20 . 


tJ.770 min. of Hr 

1970 kii. per sq. cm. 

- 15 . 


1.237 . 

1590 . 

- 10 .... 

2.144 mm. of Hr 

1.947 . 

1130. 

010 •• . 

0 . 

+ 20 . 

+ lot) . .. 

+ 2IK) . 

+ 300 
+ 374 

4.579 “ “ ■■ 

17.539 . 

700.00 . 

15.3 atmospheres 
84.0 

217.5 

4.579 . 

1 atmosphere 


('xi^ts (nu‘ pressure, and only one, 
wiiicli can be exerted by the system, 
and for eacli pressure one tenijM'ra- 
ture and only one at which equilib¬ 
rium can be maintained, which is 
simply the more lengthy way of 
stating that the system consisting 
of Ii(juid water and vapor is uni¬ 
variant, and that the selection of a 
temperature defines the pressure or 
the selection of a iiressurc defines 
the temjierature. This will be ri'C- 
ognized, aKo, as a restatement of th<‘ 
long-known fact that the vapor 
pressure of water depends only upon 



I'lo 1 /I-t I for \\ HOT (S(’ln‘mnt'c) 


tile temperature. If, however, at a given tmuperatun*, a pressure is maintained 


above that indicated on the line Of,, the vapor will la* compressed wholly into 
the Ii(|uid phase; or if the pressure is maintained below the equilibrium pressure, 


the liquid will wholly evaporate. 


Our iiifoiniation about the vapor ton-ion nirxc C’Otf nu'niif !><• ralloii ('oinplcte if wo worn 
ill po-itiun to state its origin, its tennituis, tmU its |)ositioii at all iiiteniieiUato poititn. In 
the rase of water, we ha\e a lariti* iiart of this uiforinaiion. Careful experimental measure- 
nientR of the vapor pressure have been nuule l•^ n larKO number of mvcHtjuators, and may 
lie found in tlie table.H of pinsical roii-tants. Were we not in iMissesnion rd this materia!, 
however, we oould at least d<‘terimnc (|uiililati\el> that llie curve rises with the tenijieralure 
by the apjilieation of the Min’t HolT law of mobile ei|mlibriuni. which, with Le ChjiteHer*i» 
theorem, is the handiest tool in the a|)plieatioii of the phase rule. The chantte of liciuid into 
vapor is an endothermic ehange, and henec l»y appli<‘ation of thi* rule, the eijuililirium will 
he moved in that direction by a n-iC in temperature. Further, the (’lapeyron-f'laUHius 
thermodynamie equation 

iP. JL- 

~T “ 
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in which X is the heat of vaporization and AV the change of volume on vaporization, gi,-,., 
the slope of the eurve. 

The upper end of the vapor-pressure curve for water, or indeed (or any liquid, is the 
critical point in wliich has Iwen discussed jn an earlier chapter. Study of the two phases, 
milcr amt vapor, sliuw.s that, as the temperature and pressure rise, the liquid becomes less 
Hud f/u' vapor inorc‘ densf*. and fho heat of vaporization becomes less and Jess; if the 
triiiiM’ratore rise he carried far enough, the two phases will become of the same density and 
the heat fif the ehange will l>cconio zero; fir, in other words, the two phases will become 
identical upon reaching this critical state. In general terms, the critical state Ls that state, 
approaching which cocxislent phases approach identity, and at which they become identical. 
For water, the critical teriipcrature is '174® and the critical pressure 217.5 atmospheres; 
it is an invariant [loint, sincf' neil her prc.sHure nor temperature may lie altered. As previously 
cxplaim^d. the nfhlitiomil re.Hfriction that (he two pha.ses shall bo identical puts the occurrence 
in accordance with tli(‘ pha.se-ruIo cijuution. Al«)ve this temperature and pressure, water 
exists in a state for which no general name has as yet been adopted: the distinction between 
the lifjuid stab* and the gaseous stjite has vanished, and the areas V and L in Fig. 4 pass into 
each other without discontinuity. 

Passing to the lower .section of the vaporization curve COtr, the point 0 
repre.sents the temperature at wliicli water ordinarily freezes. With sufficient 
care howev(*r wjiter mtiy he cooled considerably below this temperature without 
the formation of ice, and from such experiments a prolongation OC of the vapor 
pressure curve lias been drawn to represent the still perfectly definite rela¬ 
tions of pressure to temperature. The extent of this prolongation i.s, however, 
indeterminate; the point C therefore represents no definite end to the curve. 
Througliout the whoh' course of the section OC the system water -|- vapor is 
metastable, in that it will, on contact with a nucleus of ice or sometimes without 
such contact, change into the .system ice -f vapor; the irreversibility of this 
change will appear a little later. 

The curve OH in Fig. 4 represents the cfjuililirium curve for ii'c plus vapor, uikI is spoken 
of UM the vapor prcs.sun“ curve of ice or sometimes as its sublim.ation curve. Its lower end 
B is assumed to be at thf' absolute zero of lempenituro iiiul the npplientioii of van't Hoff’s 
law would again indicate pressure increase with ineren.se of temperature The experimental 
figures for this eurve. some <if which are given in column 3 of Table XII, place the curve 
l>clow (hat for water + vapor (Of’) throughout its course, but its steeper curvature brings 
about an intersection of the two at a tempiTatun* very close to 0®. The positions of the two 
curve's OH ami Of’ may lie use<l to explain the stability n'lationships of the two systems. 
If, at some constant tetnperafun* below that of the point 0, ira* is set m one vesNcl and water 
in a sceond umler a bell-jar, the vapor pressure of the system water + vapor will be greater 
than that of the other, and as a result vapor jiassing from the Ihiuid will solhlify upon the 
ice until the ii<iuid has entirely disappeared. In such a case it is obvious that the unstable 
system is tin* .system with the higher vapor pressure. 

The intersection of the two curves at the point 0 repre.^ents a new equi¬ 
librium. Ice and vapor are in equilibrium, water and vapor are in equilibrium, 
and the vapor is the same in pressure in both case.s; it follows then that ice and 
water must also be in equilibrium, and the curve repre.senting that equilibrium 
(0/1) must pass through tlie point 0, which is tlicrefore the intersection of 
three curves. Itoozcboom first suggested tliat such a point be called a “triple 
point.” It represents an invariant condition, in which neither pressure nor 
temperature can be changed without the elimination of a phase. The temper- 
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ature and pressure corresponding to this triple point have b(*en carefully de¬ 
termined; the pressure is 4.579 mm. of mercury and the temperature + 0.0075*. 
(The occasion of this variation from the commonly accepted freezing point of 
0* will be explained a little later.) At this teiijperature and pressure, and only 
here, can a system consisting of water t>e maintained in the ti»ree coexisting 
states of ice, liquid and vapor. 

The triple point 0 has been shown to be the origin of the curve 0.1, repre¬ 
senting the equilibrium between ice and licpiid in the ab.'ence of vapi)r. It has 
lung been known ^ that the melting point (d ice. tliat is. thee({uilibrium temper¬ 
ature, is altered by pressure. Wlicther an increase of pressure will rais(‘ or 
lower the melting point may be easily deduced from Le (’hatelier's theorem; 
increa.sed pressure will shift the equilibrium in the direction which reduces the 
pressure within the system, which is in the direction producing smaller vaduine, 
and since, in the case of water, the liquid has a smaller volume than the solid 
(i.c., is denser), increa.sed pressure at constant tenqierature results in liipiefying 
ice. The curve OA is therefore inclined upward toward the pre.ssure axis, so 
that at any temperature repre.sented upon it an increa.M'd pressure (measured 
upward) brings the system into the region of li(|unl alone; or, otherwise stated, 
tiie freezing point is lowered by increased ]>ressure. The curve is not a straight 
line, but is slightly concave toward the pn's.sure axis; a few of the corresponding 
pressures and melting points are given in Tabl(‘ XII, column I. 

Ikdoro the exleji'-jou df the curve OA tnwaol vers lunh |)reH>4U!e.«i, it will 

hi' well to Oiuiipate 1 -ik. 4 witli our e.innnoii kauwledije i.f tlic l.eh«\ior of wiiter, ui>oti wliieh 
we have luiilt oui cli-icus'-nm In one |>:itliciilar, the hituie tlitP'i-* troni our u>ual lalmratoi.V 
experience. ni lalroratory ]>ra< tice tlu* freezinn point of wiiler i>i l.nkr'ii tis r'xactiv 0 , whermw 
III our di>.cu'''')on we Ij.ave fluted it to he + 0OO7.>" l.iin- •> of lahle XII allows for 0 a 
hiek of aKreeineiit in the pleHMll<‘^ of the thice monos aiianl e.pnlihria. \Vc- have here, 
however, no contradictions lo the plni'C rule U> explain, m-r evmi in«‘xact data to excuse: 
the explanation is that our data ami our di''CU'>'ion aie aiiplmahle to Hysteins I’onsisliiiK of 
watiT alone, in w hndi the jirevsiire is that cau'.ed 1»\ water \ .ipor, w liile our lalxiratoi v praet ice 
is <'jirried out in open vessels in which a second component is prescnl. tiamelv, air, and in 
which a oonstaid i.resswre of one atim.-phere is excited. .Since a m coii.I component ih iireneiit. 
a system oonsistiiiK of ice, water, and tin- jras pli.ise iv ui.f jnvariaiil. an ma\ he seen liy suh- 
stitutioii ill the phtw-ruh* eijualion. hut is iimvaiiant, iind tlicTc ean Ik* any iuiimImt of 
temperatures at which the syMem can <-xisf wiili correv}.omlinK pressiiies. A<*luallv. how¬ 
ever, the effect of the air as an ad<!ed emoponent i- not tfreal, s,„ce it is prohahlv not presi-iit 
at all III the solid phase and its sohilality m tlm li<)Uid is not laim* More impoitant, however, 
is the fact that its pre-enee puts the s>s|,.|n under a pressure of one atmosphen* instead <*( 
the .small vapor pr.-s-ure of water, and m acconlance with the reasoning already used the 
inoltiuK point of the ice is <lepressed from h U to ti° The vapor pressures are of course 

also affeetod sliuhlly by the ehaiice in temiieralure and comptisitmii. )>ut the differenee is 
very small. To .state the facts as sueciin-tiv as possdile, + i>.(M)7.0° is the triple point for 
the one-romponent invariant systi'in. ice. water and vapor, an<I the eorrcsptjndiiiK vapor 
pressure is 4..579 nun., 0° is the e<juihhrium t<*mperaiure in the two-eomponent .systetn eon- 
siatiiiK of water and air. where the phases are ice. a<jue<»us solution of air and vapor phase 
and the total pressure is one atmosphere.* 

' Janies and William Thomson. Tra-ix. lion- Soc. Ki/ni.. 16. 575 (1849); Fmc. Hoy. Hoc. 
Kdin., 2 , 267 (1850). 

*More strictly siioukinK. water and air make up a multi-component system, since the 
air docs not dissolve a.s such in the li.|uid, but Kives to the water coucenlrationB of oxygen. 
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The freezing point of water ia one of our best known fixed points and is a standard tem¬ 
perature used in the marking of thermometers. While not independent of the pressure, it 
varies so slightly that fluctuations of barometric pressure such as occur with changes of 
weather are negligibly small. Any triple point in a one-component system, or more commonly 
any one-con»ponent wolid-liqukl-va{K)r complex in the presence of air at 1 atmosphere pressure, 
is in principle suitable for the standardisation of thermometers; in practice certain invariant 
systems of two eoniponents (air not Ijeing considered) are found more convenient, consisting 
of a salt and water and giving rise to very accurately determined eutectics and transition 
points of a hydraf(! to a lower hydrate or to the anhydrous form; examples will be given later. 

Returning to the fusion curve OA, it has been found that at high pressures 
there exist several polymorphic forms of ice, differing from the common variety 
in density, heat of formation, crystalline structure and other physical properties. 
Tammann ‘ was the first to discover that, at sufficiently high pressures, new 
modifications of ice appear, and his work together with that of Bridgman “ 
gives a fairly complete picture of the phase relations which exist. There are 
at least five i)olymorphic forms of ice, known as ice I (the common form), ice II, 
ice III, icc V, andiceVI, the positions of which in the p—1 diagram are shown 
in Fig. 5. The relationships of ice IV are not clearly known, and it is not in¬ 



cluded in the sketch. Each of these five forms has definite limitations of 
pressure and temperature within which it can exist as a stable form, at the 

nitrogen, argon, curlHtu dioxide, etc., depending upon their f‘c)lul)ility and their partial pressure. 
Since the principal effect of the air is due to its jtrossure rather than to the components which 
it adds, this further ctunplexity may Ik* ncglectofl. 

» Ann. Phyttik., (1) 2. 1 and 424 (UKH)); Z. phyatk. Chem., 72. (iOl) (1010); 84, 257 (1913); 
88, 57 (1914). 

*Z. anorg. Chem., 77. 377 (1012); Proc. Xat. Acati. Sci.. 47. 441 (1912); Z. pkyaik. 
Chan., 86. 513 (1914). 
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boundaries of which it can exist in stable equilibrium with other forms and 
outside of which it can have^only meta>tablc existence. These boundary 
curves represent univariant equilibria, in the same sense as the curves studied 
in Fig. 4; the experimental data for tliese curves will not be given here, but may 
be estimated approximately from the figure. Wherever tlirec such boundary 
curves meet there exi.sts a trii)le point, at whicli tlirco phases ccu'xist at the 
invariant temperature and pressure indicated. These triple ])oints are of 
course all at pressures at which the vajiur phase cannot exist, ami consist of 
various combinations of two soli«l phases with the liquid and of three solids 
with each other. The entire list of sucli invariant ecpulibria is given in Table 
XIII in the order of increasing pressures, including tlic triple ]M)int for ice water 
and vapor previously discussed. 

T.vin.K XIII 
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Of the various univariant equilibria, ue will select for qnalitali\'(‘ study 
thiiso in wliich liquiil iinil :i snli.l arc tlic ccicxiMiim plia.-cs, incliratc.l hv Un- 
curves 0.1, .IF, !<’(!, anil <!ll. 'I’lu.' ciirrc 0,1 lias alrc-aily liia-n ilisriisscil, iiiiil 

Its inclination toward tlic pressure axis sliowii to lie in accord witli i.e ( liatelier s 
tlieoreiii. Tlie freeziiiK point is de|iresscd as tlic pressure isjaised until ii 
iiiininuini teniperatiiro of — is rcaclied at a |iressure of 2ll.i alinosiilieres. 
The teiiiperatiire can now no longer lie lowered, wliatever llie pressure, without 
causing the liquid to solidify completely; «e may (liercforo consider - 22° a» 
the iniiiiiiuiiii freezing point of water under any set of eqiiililiriiiiii conditions. 
If we iiinv raise tiic pressure, a fraiisifinii of ice I into ice 111 occurs, and unlike 
the transition occurring at ft, it is marked iiy a decrease in r olnine, moreover, 
the new phase, ice III, is denser than water instead of less dense. If we now 
apply Lc Cliatelier’s theorem, we will deduce tliiit an increase of pressure will 
raise the freezing point, so that tlie equilibrium curve fur ice III and water 
must slope upward away from tlie jiressiire axis, as shown liy tlie line /IF. 
Equilibrium temperatures therefore ri.-e with the pressure until at F a new 
triple point is met and ice 111 is transformed into ice V by increase of pressure; 
the new equilibrium curve F(J has a still more marked slope toward the right 
until it reaches the triple point (1, at fi.'iSO kgm. pressure ami a temperature of 
+ 0.16°. At this high pressure the freezing point of water (forming icc V or 
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ice VI, of cnursp, ami not ice 1) is very close to its freezing point at I atmosphere 
jirc.ssure. The equ/iibriuni curve GII now inciines stiii more sharply toward 
the riitht, ami liiis been investiKatcd by Bridgman up to pressures of 20,000 
kgin., at which the freezing point of water is + 80°. Of the four equilibrium 
curves for soliil and liquid, but one (0/1) slopes toward the pressure axis, be¬ 
cause the specific volume of ice I is greater tiian that of liquid water; the other 
three incline away from the pressure axis, because ice III, ice V, and ice VI have 
each a specific volume less than that of water. 

With tliin much of Hiiccjlic dwcusHioii of the application of the phase rule to water, we 
may see whctlior sonm of tlie relationships learned may not bo (tiven a more generalized 
treatment. The simple diagram (J'ig. 4) may now Imj looked upon as a diagram for any 
system of one comtionent in the iieighliorhood of the triple point for solid, liquid and vapor; 
the only flifferem-Qs for any system will bo in the numerical values of the ordinates and 
al>8eiH8jp. and in the slopes of the three curves. The vapor pressure curve Otc will always 
rise with the temjM'ruturo, though its slope may 1)C greater or less than that for water, and 
will extend from the triple point up to the critical temperature and pressure, it will have 
a motastable prolongation OC which may be either short or long, depending upon the character 
of the liquid, more particularly upon its viscosity. The so-called amorphous condition of 
substances is regarded simply as the undereooled Ihiuid in equilibrium with its vapor, as 
indicated by this metastablc prolongation. vSuch amorphou.s bodies may show a most 
astonishing i>erBistence in the metastable condition, even in the presence of the stable form; 
it is believed that, sufficiently far below the triple point, the rate of transformation Incomes 
very slow because of the viscosity of the liquid and more particularly because of the dimin¬ 
ishing number of nuclei from which the crystallization might spread. The vapor pressure 
curve for the solid, liO, will also rise with the temperature in all cases, the fate depending 
upon the nature of the particular substance. It will lie l>elow the metastable curve OC, 
and will terminate at the triple point 0, since metastablc existence of a solid alK)ve it.s melting 
point in a one-component system has never been olwervcd. The curve may have one or 
more transition points upon it at which it changes its direction discontinuously, if the solid 
exists in several polymoiqihic forms, just as in the curve OAFGH in Fig. 5; a discussion of 
polymorphism is reserved for a later point in the chapter. The fusion curve OA and its 
continuation n>ay slope upward either toward or away from the pressure axis according as 
the solid phase is less dense or more dense than the Ihpiid, and may change its direction at 
any point, depending upon this relationship. Metastablc prolongations of the curve below 
0 are unknown. The question as to the further end of the fu.sion eur\'e is a matter of con¬ 
jecture. Ostwald believes that it ends in a critical point for the solid-liquid phases, at which 
the two have the same density and a zero heat of fusion. Ro<izeboom and Tammann incline 
to a Ix'lief in a much loss simple hyixithesis, according to which the fusion curve eventually 
inclines toward the pressure axis and describes more or less completely a closed circle, above 
which the area for the liquid phase is continuous. Experimental data arc not complete 
enough to give any certainty as to the complete curve. 

Treating the diagram of Fig. 4 as a general case, it is instructive to deduce 
the effect of changes of pre.ssure or of temperature such as can usually be ac- 
complisliod with little experimental difficulty. Let us consider the changes 
which will occur if such a system is taken at a temperature below the triple 
point and a pressure above it, as represented by the point a in the diagram, 
and then subjected to continuous addition of heat while the pressure is main¬ 
tained constant; the results can all be deduced by following the phase changes 
along a line of equal pressure, ab, called an isobar. At a the system consists 
of solid alone, and addition of heat will bring about no changes except a rise 
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of temperature and an increase of volume until tlie system reaches a condition 
represented by the infersection of ah with OA; here the solid begins to melti 
and the temperature remains constant until the solid has completely liquefied. 
The liquid now rises in temperature again up. to tlie point of intersection of 
the line with Otf, at which point it begins t<J vaporize and maintains a 
constant temperature until the liquid has coinjjletely changed to vapor. This 
evaporation of a liquid at a vapor pressure e(iual to the total pressure exerted 
upon the system is the ordinary proce.ss of boiling, and the intersection of the 
line ab with Ole is the boiling point; since ah is tlrawn at any arbitrary Iieight, 
it follows that the boiling point is always arbitrarily determitnal by the pressure 
under which the systent is standing. In ordinary lalmrutory practice our 
procedure differs from that sketched above only in tliat air is usually present 
either at atmo.spheric pressure or at a reiiuced i)ressure so that vapor of the 
liquid will be present in the vapor i)haso within the areas marked N and L in 
the diagram. If now the experiment be repeated with ah taken at some* j)res- 
sure below the triple point 0, the changes are few(‘r: where the int<‘rsection with 
liO occurs, the solid vaporizes completely without change of temperature and 
the process is spoken of as sublimaticm. If for example the substance taken 
be solid carbon dioxide and the pressun* 1 atim>sphere, our second case is 
exactly described, for the triple point 0 is at a pressure of 5.1 atmospheres and 
a temperature of — 56.7® the isobar ah drawn at 1 atmosphere i)ressure inter¬ 
sects the curve BO at — 78.3®, at which temperature the solid will remain until 
sublimation is complete, giving a very simple and convenient metlmd of securing 
a constant low temperature. Ice, in order to be sublimed without melting, 
must be maintained under a i)ressure lower than 4.6 mm., the pressure at its 
triple point; and iodine, which melts at 114® and a pressure of 91 mm., must be 
maintained below' that temperature and pressure if melting is to be excluded. 
In the latter case, for laboratory sublimation the process is usually to maintain 
a constant temperature of 100® at atmospheric prt'ssure, allow’ing the vapor 
to diffuse outward until it meets some cool surface upon wJiich it soIhlificM; 
this is a process of evaporation rather than sublimation, in that the con.stant 
temperature is maintained by the environment whereas in true sublimation the 
environment is at a higher temperature and tim con.stant ami lower temper¬ 
ature of the system is fixed by the pressure and maintained by means of the 
negative heat of vaporization. 

The result of changing the pressure at constant temperature can bo deduced 
by following a line drawn parallel to the j)ressuro axis, and called an isotherm, 
or Isothermal line. If, for a system r<*presented by Tig. 4, the isotherm be 
drawn at a temperature just below the point 0, the system w'ill l)e wholly 
gaseous at low pressures; as the j)ressur<‘ is raised its volume will diminish until 
when the intersection w'ith the line BO is reached the vapor completely solidifies 
without increase of pressure; when the intersection with the curve OA is reached, 
the solid will melt completely without increase of pressure. If the isotherm is 

‘ Thiel aad Caspar, Z. phyaik. Chrm., 86. 257 (1U14). 
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drawn above the point 0, a single change from vapor to liquid will occur at 
the proHsure of the intersection with Ot,. 

Sulfur: Sulfur is commonly known in two crystalline modifications, rhombic 
sulfur and munoelinic sulfur; these have a transition temperatu:e (96®) at 
which they are in equilibrium with each other. Each possesses a melting point, 
that of the rhombic being approximately 114® and that of the monoclinic about 
120®. TIh! liquid form of sulfur undergoes some rather remarkable changes in 
color and viscosity when heated, and boils at 444.7® C. On rapid cooling of 
very hot molten sulfur a l)rownisli gum is obtained, called plastic sulfur, which 
slowly changes into a luird brittle substance, while if sulfur only slightly above 
its m(“lting point is quickly cooled, the yellow substance is at once formed; 
these two (juickly cooled products differ considerably in their solubility in 
carl)on disulfide, the latter being much the more soluble; they contain varying 
amounts of a (juasi-solid called amorphous sulfur. These are the commonest 
facts about the substance, wliich we shall proceed to relate in accordance with 
the phase rule, although it is only fair to state that by no means all the rela¬ 
tionships are known or classified. 

These relationships are shown (pialitatively in Fig. G. The right-hand 
part of the diagram (curves OR, HE and HC) will be recognized as nearly 
dui)licating the diagram for water; OH is the sublimation curve for monoclinic 
sulfur (univariant equilibrium Sm ♦’ * 1’), HE is the vapor pressure curve for 
liquid sulfur (univariant equilibrium L - - T), and their intersection at B is 
the triple point for the invariant ecpnlibrium .S.w ~ L — V, the temperature 
being 120®. HC is the fusion curve for monoclinic sulfur; since the solid form 
is denser than the Ii(|uid, as is the case in the majority of instances, the curve 

slo])es upward away from the presv 
sure axis. At C there is a »e^nd 
triple ])oint, at whicli rhombic sul¬ 
fur, monoclinic sulfur and liquid are 
in equilibrium; tlie temperature is 
151® and the pressure 1320 kgm. 
per sij. cm. ‘; the curve CD is the 
fusion curve for rhombic sulfur. 
For relationships not met with in 
the .study of water we look to the 
left of the diagram, where we find 
the curve AO indicating the vapor 
pressure of rhombic sulfur. The 
point 0 is the transition temi)€r- 
ature of the two solid forms, 96®, 
and is a triple point at which the 
two solids and vapor are in invar¬ 
iant ecpiilibrium; it is also the 
point of intersection of the curve 
* Tammaim, PTtfd. Ann., 68. 675 (1800); -tan. Physik., 3,178 (1900). 
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OC, which is the transition curve of the two solids. Since the two solids 
alone make up a univariant system, it follows that the transition temper¬ 
ature must vary with the pressure. ArRuinR backward from the diagram 
to the facts, it may be deduced from the slope of 0(\ by Le (Miatelier s tlieorem, 
that rhombic sulfur is more dense than monoelinic; flu* deiif'ities are 2.04 and 
1.93. The greater slope of the curve OC brings alxmt its intersection with liC 
at the triple point C already mentioned. This series <»f curves, if drawn to 
accord with the experimental data, makes a division of the entire pressure- 
temperature diagram into four areas, one (yich h)r the vapor, iiquiil sulfur, 
rhombic sulfur and monoelinic sulfur; the area for the stable e.xistence of mono¬ 
clinic sulfur, one, is completely enclosed by the other thre(‘. 

In addition to the stable equilibria <liscu.s.sed ab(>ve, there are several meta- 
stable equilibria indicated by the dotted lines of Fig. th Witii the meta.stable 
vapor-pressure curve of the licpiid, lih, \\v are already familiar from our .study 
of water. In the metastable curve Ob, the proiongati<m of .10. is represented! 
the possibility (d heating a solid above its transition point into a second solid; 
this phenomenon is extremely common, and is uinpiestionably connected with 
the fact that the rigidity of solids ndards tlie nu4ecular rearrangements nec(‘s- 
sary for a cliange in crystalline form. The intersection b will be recognized 
as the metastable melting point of rhombic sulfur, found t<i be at about 11 F*, 
but doubtless with some ernir, as will a|)pear later. From this melting p<nnt, 
which is of course a triple point, the inetastable fu.simi curve {b(') of rhombic 
sulfur into lidpiid runs upward to (\ above wliich it is continued as the stiible 
fusion curve CD mentioned earlier. 

The ivniilil.ria imhcutcl m thr <h!iKriiti> Mr mm h o. \>r Tlici<* arc four l.i- 

variiiiit r<niilibri:i. r<-|m-seiin‘<l in llir iliayratn li\ arcus willini which a single phase ran cxihI 
ai»l wjtiun wluch huth tlic tciniK-taOirc ainl the p 1 ^'^•‘me iiia\ be \ar)*-U. tlieie aie sik nni- 
variant e(iuihbria, represente<l b.\ liiie>. inUicaiiiiK two coexHiniK pliai'C?., which iiiav have 
I ithrr temperature nr pressure \ aric'l at w ill, but not l»)th . an<l finally llicre are four invariant 
e<|mllbrm (one Ik-iiik nH'la^table). lepiesented b\ ttie |)oinls of intersection aiul itxiicatinu 
that the three eoexMiiiK phase- can ha\c ncith-r Iciiiperaluie i.or pre-ure altered. The 
list of univariaiit !Ui<l invariant ecpnlil iia follow- 
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Pasning to a consideration of liquid sulfur, its peculiar properties have been 
studied and explained chiefly by Alexander Smith' and his coworkers, who have 
established that in the liquid state, as also in the vapor state, sulfur consists 
of two forms in dynamic equilibrium; to these Smith gave the names sulfur 
lambda (Sx) and sulfur mu (S,). These differ in their molecular weight, Sx 
bcitig of the formula iS« and S, having a lower molecular weight, probably corre¬ 
sponding to S4, Such dynamic equilibria of liquid or gaseous substances are 
of course well known; we meet instances in the various cases of tautomcrism, 
and even as simple a substance as water in the liquid state consists of various 
isomers such as monohydrol (HjO), dihydrol (HjO)j, etc,, in equilibrium. The 
jicculiaritios of the sulfur equilibrium however, to which we may ascribe most 
of the behavior in which it differs from other substances, are two in number: 
first, the unusual character of the equilibrium curve, and secondly the relative 
slowness with which the equilibrium Sx r== S,. is established, making it possible 
to maintain and study the system in mctastable equilibrium by sudden drop 
in temperature or by use of negative catalysts (iSOj being very effective) as 
well ns to study true equilibrium mixtures, using positive catalysts such as 
ammonia, if necessary, to accelerate the attainment of equilibrium. The 
figures for the composition of liquid sulfur, as obtained by Smith, are as follows; 
later work by others has given data differing from Smith’s by a few per cent 
only.^ 

TABLE XV 

Dynamic Equilibrium: Sx and 


Temperature ® C.... 

... 130 

140 

150 

160 

170 

180 

200 

220 

240 

310 

448 

%Ss. 

.. 4.2 

5.0 

0.7 

11.0 

18.7 

22.5 

27.0 

29.4 

33.0 

32.0 

34.1 

%Rx. 

. 95.8 

94.4 

9.3.3 

89.0 

81.3 

77.5 

73.0 

70.6 

07.0 

07.4 

65.9 


When these data arc plotted (Fig. 7), it appears that the most rapid changes 
in composition of the liquid occur between 150° and 200°, and if more narrowly 
scrutinized, between 160° ami 170°. Now, if we consider the contrast in the 
properties of pure Sx and S„, we shall be in position to understand the striking 
changes which the liquid solution undergoes at about 100° to 170°. Sx is light 
yellow in color, of small viscosity and soluble in carbon disulfide, while S, is 
dark brown in color, quite viscous, and insoluble in that solvent. Liquid 
sulfur at lower temperatures, consisting largely of Sx, will therefore have a 
color and viscosity nearly that of that pure substance; if heated to 160°-170° 
or above, the considerable increase in the proportion of S,. gives the liquid its 
well-known dark color and high viscosity. Let us now assume a mass of molten 
sulfur at some high temperature, where it contains some thirty per cent of S„ 
to be suddenly cooled by pouring into cold water; the proportions are but 

' Smith and others. J. Am. Chtm. Soc., 27 , 801, 983 (1905); Z. physik. Ckem., 42 , 469 
(1003); 52 , (102 (1905); 54 , 267 (1006); 57 , 685 (1907); 61 , 200 (1907); 77 , 661 (1911), 

• For brevity’s sake no referenr© is made here to the existence of the third dynamic 
isomer. whoso existence has lieen shown by Aten and coDhrnied by Beckmann et al. 
iZ. anorg. Chan., 103, 189 (1918)). For a bibliography of the work on sulfur up to 1918, 
see vol. 2, part III of Rooseboom's Die hoterogenon Gleichgewichte, issued by Aten in 1918. 
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5/i*-50 



slightly altered by the change, in accordance with the observed fact that the 
speed of the reaction is low, and the plastic sulfur thus obtained is a brown 
viscous gum, which is to be regarded simply as the undercooled solution of the 
two forms. If it is treated 
with carbon disulfide, the sol¬ 
uble Sx is extracted and the 
residue is undercooled it 
is consideretl to be tbe amor- 
ph0us form of sulfur. 

Being metastable at these 
low temperatures, it will in 
time change into the stable 
form, which is rhombic sul¬ 
fur,’ as shown in Fig. 0. If 
the liquid chosen for cooling 
1)0 taken at a temperature 
below 160®, tbe ]>roportion 
of insoluble sulfur present 
is small, and the material ob¬ 
tained by chilling i.s chiefly 
soluble crystalline sulfur. 

On a theory that the solid 
phases are not composed of a 
single form, but are, like the 
liquid, equilibrium solutions 
(that is, solid solutions), Smits ‘ has suggested a diagram into which all the 
forms can be fitted. 

• The fact of the slow establishment of equilibrium in the liquid phase lea<lH 
to some important considerathms relative to tbe melting point of sulfur. A 
melting point is the temperature of etjuililirium between the solid phase and 
the liquid phase, under the pressure of the system. I)isn‘garding the matter 
of the small effect of substituting atinosjdieric pressure for the pressure of the 
aystein, it is clear that as many as three ecpidibria may be inv<>lved: (1) ecpii- 
hbrium irithin the liquid phase, if it is capable of existing in two or more forma 
between which changes can occur, (2) equilibrium heturen the Ihpiid phase and 
the solid phase, and (3) equilibrium inlhiu the solid j>ha.se, if solid solution of 
two or more forms exists. It is logically a necessity that, while only one equi¬ 
librium temperature is possible when all throe (ujuilibria liave been attained, 
an indefinite number of tem|)eratures is p«)ssible if any one or two of the equi¬ 
libria have not been reached. Lejiving out of consideration, for simplicity, 
the possibility of metastable conditions in the solid phase, we see tliat possi¬ 
bilities of complications in the liquid phase may frequently occur. In our 
study of water it was unnece.s.sary to consider this j)oint, inasmuch as the 

’ Z. physik. Chem., 83. 221 (1913), also Die Theorie der Allotropie (Darth, 1921). English 
Translation by Thomas, Longmans, Green and Co.. 1923. 


Percent 5ju in Liquid 5ulAjr 

Fuj, 7. E'lUihbrimn Sx • -* S,, in Liijuid Sulfur 
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dynamic cfiuilibrium between monohydrol, dihydrol, etc., is attained instan¬ 
taneously in the liquid state; liquid water is therefore always in the same condi¬ 
tion at a given temperature, and more than a single freezing point (pressure 
being assumed constant) is not found. But, in the case of liquid sulfur 
the liquid phase may have pre.sent, according to its history, proportions of Sx 
and .S„ widely dillerent from the true equilibrium quantities, because of the 
slowness with which equilibrium is reached, and the equilibrium temperature 
with the solid pha.se, or melting point. 



Flo. .S. MeltiiiK Poitit Curves of Mono- 
eliiiie Htid Hhonih'c Sulfur 


may vary from that of pure Sx in contact 
with solid to that of a solution contain¬ 
ing a large proportion of S„. The 
melting points thus obtained are plotted 
in Fig. 8. The line AC repre.sents the 
melting point curve for monoclinic sul¬ 
fur and DF that for rhombic. On 
these curves there are four points of 
especial interest; these are the two 
melting fjoints in contact with pure Sx 
and 8 ,,, which have been called the ideal 
melting froints (/I and D), and the two 
melting points in contact with the true 
equilibrium proportions of Sx and S„ in 
the licpiid phase {II and E), aiipropri- 
ateiy named the natural melting points. 
The curve HE is the curve for the dy¬ 
namic equilibrium in the liquid ph.ase. 
In Table XVT arc given the figures 
for these melting points as determined 
It will be ob- 
temperatures are 
two forms, the discrep- 


by Smith and Oarson.' 
served that these 

sensibly different from those commonly given for the 
ancy beitig greatest in the ca.se of rhombic sulfur. 


T.Vm.K XVI 


Mectino Points or RiioMnir and Monoclinic .Sunrea 


1 

Ideal MoliinK 

Natural Melting 

Su at Natural 


Points 

Points 

.MP. 

Monoclinic Sulfnr. 

119.25'’ 

n4.r>'’ 


Ulminhic Sulfvir . 

112..S® 

110.2° 

3.4 % 


A rotisuliTiltion of ttio idwvr .set of faets. (tenouding unon ii alow attaimoent of dxnainic 
I'quilitiriuni in fho liquid plmai!. leads to uil interrsliug dodurlion relative io the nunihcr of 
eooiponeiits of the system. Let it tw? supposeit that in a ease of dyuamie equilibrium the 
equilibrium is reached with iuHnite slowness, that i.s. that any solution remains perfectly 
' Z. physik. Cfinn., 77, 670 (1911). 



HETEROGENEOUS' EQUILIBRIUM 


389 


sitable and unchanged in its composition; it will follow then that the system U a two-component 
since it will be impossible to express the composition of the Ihiuid in terms of any 
one sul)stance. Such a system will then have the degree of freedom, or variance, corre- 
s|>otiding to a two-component system, that is, one degrei* of variance higher than if caleulntmi 
for a one-component system with the same number of phases prestmt; for example, with 
vapor, solid and liquid present the equilibrium temperature (melting point) is not invariant, 
hut is (inivariant, varying with the composition. Such would 1 m‘ the <‘ast‘ in a system con- 
.‘•isting of two isomeric compounds, such for examph* as ortho-cresol and para-cresol. Now. 
we have, as a matter of fact, just seen that the melting i)oints of .sulfur show just this ndatitm. 
and we have been treating the .system essentially as a two-com]>onent .sjslem in our latter 
discussion. A distinction exists here however in that, within reasonable lime, eiiuilibrium 
within the iihase is reached, and unce that condition has him atlaimd the .s\stetn can be tnailed 
as of one component without error, it is therefore spoken of as a p.seudo-binary system, 
since it has. under certain conditions, the projierties of a two-component or binary system. 
It i< c\ident that the distinction between a one-ctimponent s>.stem (unary s>stem) like 
water, a two-component system (l)inary .system) like the two iresols, ami a pseudo-binarv 
sjstem like sulfur depends upon the sliced with which equilibrium is attaimsi within a phase. 

In concluding the direct study (»f sulfur, it should be state<l that rc‘fiT<-nce has Ihsmi 
omitted to a fourth dynamic i.someride, S^, ami to two other met!i>t:il)h“ solids, Sm {nacreous 
sulfur) and Siy. for the treatment of which the reader i.s n'feried to the monogruph.s on the 
pluiM- rule and the original literature in the journals. 


CtENER.xL Considerations Relative to ()NE-('oMroNENT Systems 

Polymorphism: In tlio discussion of water rt'fereuce was math* Id tin* several 
solid modifications wltich liave lately been di.scovered; and in the discussion 
of sulfur tlie rhombic tind monoelinic forms w(*re coiisitlt'red. Ilu'st* are in¬ 
dividual instances of the general phenomemui known as polyniorphlsm. 


Polimorphie forms are ^nli<l plm.^es of the-.ame ultimate compoMtion. <lifTering among 
themxelviw m cry^talllm‘ form, free energ\ and other pli\.«iea] and elu'iimal propertic's, but 
jielding iiliuitieal Injunl or guM'oU'* pliases ui>ou fii'ion or e\aixir.alion In ea-.es wIutc tin 
I>olymerphic form.s are compo.sed of a single el<-menl (Hulfui i.liosphoius, cailam, tin, etc,). U 
is usual to speak of the form.H as allotropic, while if the forms are of conqwMind eompoHitloti. 
as IS the case with ammonium nitrate, silver m1rat<‘, luereiine iodide, etc., the general clasa 
name is uscd, allotropi.sm is therefore simpli a sp.-nal case .>f polymnrpluHiu. Kvery polv- 

morphie form exists as a .separate philsc, and the i.umbei of solnl pha.ses for a .singl.. 

is theiefoie the number of pol> morphie forms cMstenl by the aiq.beation of the .lefimtion 
gnen we can cl«-arlv difTereiitiale polimorphisiii from isomerism, m the latter ease, we ha\e 
<lifTermg solid modifieation-s of the same ciuposition winch howexer cnlmue to maintam 
their differences in the liquid or gasc-ous slate, ami ativ system tinule of isomers is therefore 
a iwo-coniponent or multi-component s.\ste,n. since the phases cannot liaxe thmr eompo.sitiou 
exp‘res.-ed b.\ less than two terms 


With the tlue^til)n ;is te the ultiinnte riiiiditioii in polyinnrphie s.ilids the 
ph.ise rule i.* not concerned; tlie difTerence iiniy lie iti tlie ^ei,metrical arraUKC- 
ment of the molecular units makiiiK n|) tlie crystals, in the molecular vveii^lit, 
or possibly in the proportions of different molecular species existiiiK in dynamic 
eqnilihrinmd It is the interrelationships of these forms, as separate phases, 
that the phase rule is in position to classify. In many ca.ses, of which sulfur 
is one, it has been found that two polymorphic forms possess vapor tension 
'For discus<i.,n. see ismils. Die Tlieorie der All<.lr<,|,ic (Itarlli. 1921), Irmislated by 
f'meath Thomas (Longmans, Circen ami ( <>.)• 
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curves which approach each other with alterations in the temperature, inter¬ 
secting at a point (called the Iransition point) at which the vapor pressures are 
identical. At sncfi a transition temperature, and only there, are both solid 
phases stable; here an equilibrium exists between them such that addition of 
heat will elTect a transformation into the form stable at higher temperatures, 
without how(!ver raising the temperature until the other form has disappeared, 
since the change is at an invariant point (triple point). Abstraction of heat 
brings about the reverse change, also at con.stant temperature. Polymorphic 
forms, which stand in the relation of possessing such a transition point at which 
they are in equilibrium, are known as enantiotropic forms; euantiotropy has 
be(’ii ilhistrated in the study of water and of sulfur and is frecpiently met with. 
Tin offers ati interesting example of this sort, possessing a transition tempera¬ 
ture of 18®, above which the stable form is white and has a detisity of 7.24, and 
below which the stable form is gray and has a density of 5.8. Not only many 
metals, but many compounds, such as ammonium nitrate, silver nitrate and 
mercuric iodide, exist in enantiotropic forms. 

In other instances of polymorphism, the vapor pressure curves of the two 
forms do not meet; such forms, which lack a transition point, are called mono- 
tropic. It follows that under all conditions where both can exist, the one form 
is always stable, and tlic other is always mctastable. The motastable form 
always has the higher vapor pressure, and will therefore change into the stable 
form by a i)rocoss of distillation such as was illustrated in the case of under- 
cooled water and ice; the rate of such a change may however be almo^t infi¬ 
nitely slow, especially where the actual vap(>r pressures are very small. An ex¬ 
ample of monotropism is found in the case of phosphorus; wliite (or waxy) 
phosphorus is metastable witli respect to red phosphorus and po>sesses a higher 
vapor pressure at all temperatures up to its melting point, 44.1®; at room tem¬ 
perature, however, its rate of change into red phosphorus is extremely slow, so 
that the common metliod of preparing the red vjiriety from the ycdlow consists 
in using high temperatures such as 250-300®, at which eciuilibrium is much 
more quickly obtaine<l, and the vapor formed from the Iiqui<l yellow variety 
may comlense as red phosphorus. In other ca.ses it is not easy to determine 
whether a given form is mcuudropic or enantiotropic; thus, in the case of 
carbon, grapliite is known to be the stable ff)rm at very high temperatures and 
diamond the unstable, but decisive experiments havciiot been performed todeter- 
mine whether or not there is a transition ])()int at some temperature below lOOO®. 
Whichever is the stable form at low temperatures, the rate of tran''formation 
is infinitely slow, which is by no means incredible at temperatures so far below 
the melting point. If there is a transition point not yet found, the two forms 
of carbon would then be considered as pseudomonotropic rather than truly mono¬ 
tropic. 

With this added knowlodKO us to iwlymorphic solid forms, a brief rc-iuspection of Figs. 
4, 5, and 0 will load to a simple hut useful generallaation. It will l)c ohsorvodthat the equilib¬ 
rium eurvo for any phases indicated is always continuous; discontinuity in direction occurs 
only where two or more curves intersect, that is, where an increase in the numl)er of phases 
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occurs. The newly appearing phase n»ay l)e vapor, litpiid, or any solid polymorphic form. 
In experimental work the appearance of a discontitmily in any type of oqtiilihrium curve 
a sure sign of a change of phase, and demands search for anil identification of the now 
phase: the rule applies not only for one-component systems. Imt i-qually for those of more 
than a single component. 

Condensed Systems: In tho case of etiuilihria between stilid jihases and 
liquid phases (solubility, freezing points, etc.), the effeets of moderate changes 
in pressure are very small, and in immy cases may be ignored. Thus, the 
freezing point of water under its own pre.'.sure and under one atnnisphere 
pressure differ by only 0.0075°, an amount which is not of signifieaiice in most 
measurements. 

Such systems, consisting of solhl and Injuid phaM■^ only, aic callcil romiunsdl sysh'nis, 
and ttC may therefore treat condeii'^ed systems as independent of the |>res-*ine withm naalcrate 
limits. This is a matter of much conveiiienee in experimental work. In 1 real mg a eomlensed 
system, therefore, we may work either undei some i-onstant pressure, sutlieientU high to 
])rcvent the formation of a va))or i>has«', or, as jv moie eommonlv iloae, work with open vi-swls 
under the atmospheric proshurc, ignoring th<‘ fact that the ines.snre is n<tt the true e<juihl»riurii 
pressure of the system and likewise ignoniig tlie presence of the air ns an addiimnal phase, 
as hu.H l)ccn discussed with respect to the tuple point for water, the <“rror iioohi'd lo so 
lining is usually less than the exiJiTiineiilal erior m deterinniing the temperature or in meas¬ 
uring the solubility. 

Liquid Crystals: 

Beginning %vith a discovery b.v Heinitzer' in ls.s.s, a mimbei of organn* eomjiomiils liavo 
been observed to undergo changes u|)i>n lientiiig winch eannoi bi* reionciled with the theory 
that pure substances exist tnilv as ^a])ors, li.|iinls. and polvmorphie hoIkIs. Wlien solid 
eholcsteryl neotate, wliich Iteinitzer niM-stigated. is healed, it apparendy melts sharjih at 
a given temperature, giving ri'C to .a snbsianee that ]iosse'.>es the mo^t obvious jtro|)erlies 
of a liipiid, that is, it imssesns flmdilv. an<l will f-mn droplets if his], ended in another liipiid 
of ei|ual density. On the other hand, H pos^e'.^e•. eertiun j>roperties hitheito oiih’ obserM'd 
in solids, it IS turliid or milky m apiiearanee, and (mo--t important of all) is amsopn/ne, 
showing double refraction and giving inteiferenee colors on examination ii\ polarized light. 
At a higher temperature a s<>eon(l traii'-itioii point is leaehed. at wliieh the peiailiar Mul>slaneo 
changes to a liquid of entirely normal ehitra<d<T 

The effort to explain such siibstaiiees as ermilsams or similar heterogeneous systems has 
not lnxMi successful, and they ha\e been accepted as constituting a new tvpe of idiasc and 
are called liquid er.Nstnls. Their dasMficalion a^ •‘iT>stnls” is jiistih.'d bemuse of their 
showing properties which dejieial upon a regiilarK onentale<l internal condition; such are 
the anisotropic behavior referrt'd tt) above, the existence of a si>a< e-lattiee structure as shown 
by X-ray analysis* in the ease of ;>-azox\anisole. ami the possesshm of a perfectly definite 
transition point (or melting jioint) into iioimal laumN, which melt mg point is alTeeted by 
pressure or the presence of a se<'oml eompom'iil in the same fashion as the melting point of 
unqueBtioned solids.* The liehef that the liquid crystals are ht'ten.geneous could not bo 
maintained after it wa,s shown that the furbality is oiilv apparent, Isdiig due to dilTruction 
caused by differently oriented crystals and vanishing upt>n examination <if the smaller unil» 
in the field of the tnieroseope, indeed. li<|uid ersstals hax’o In^en jirepared * which fail to 
show any turbidity when exaniimal bv utiuided vision. 

‘ Monats., 9. 43.5 (1H85). 

* Lingen, J. Franklin Inst., 191. <k’>l (11)21), 192. .511 (11)21). 

»For a bibliography of the extensive researches on liquid crystals, sec Findlay’s Phase 
Rule, 5th Edition (1923), p. 41. 

* Vorlander and Kasten, Bcr . 41 , 2033 (1908). 
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Viewing the liquid crystals as an independent type of phase, they may be 
fitted into the phase-rule diagram as shown in Fig. 9. The point 0 represents 

the triple point for solid, liquid crystals 
and vapor, and is called simply a tran¬ 
sition point without any new specific 
name; the point B is the triple point liquid 
crystal -|- liquid -f vapor, and is named 
the melting point, being entirely analo¬ 
gous to the melting point as usually de¬ 
fined. In Table XVII are given the 
data for several illustrations. It should 
be stated however that the study of 
liquid crystals is not yet complete enough 
so that a perfectly general treatment can 
be made which will fit the liquid crystals 
as a stable or metastable phase into all 
one-component systems, as can be done 
with the solid, li(piid and vapor phases. 

TAM.K XVII 

Triple Pointm fok Liquid Ciiystals 


Substance Transition Point Melting Point 

0 B 

f'holcsteryl benzoate. Ho.f)* ITH.f)® 

|)-Azoxyani.sol. . 

p-Azoxyplienctol . . 108.1° 

CoiKlcnsution product: Umznldehydo + IxMizidine .. 2;i4° 200° 

Azino of p-oxyefhyUK'nzaltleljyde . 172 100 

('ondensation product: p-tolylaldehjdc + IxMizidino . 2;i! — 

p-Methoxy cinnamic acid. .,10'.)'’ 1S.>° 


Suspended Transformation: Suspended transformation lias been referred to 
in the instance of the undercooling of liquid water, as rejiresented in Fig. 4 
by the curve OC, and in the case of sulfur (Fig. 6) suspended transformation 
is indicated by the curves Ob and lib. In general, where a series of coexisting 
phases can be maintained in metastable equilibrium, that is, under conditions 
where comjilcte representation of the system shows that a different combination 
of phases, pressures and temperatures is the stable arrangement, the system is 
said to show suspended transformation. The ease with which such a condition 
may be obtained or the persistence with which it may be maintained depends 
upon the general physical and chemical nature of the system as well as upon 
the particular phase reaction which has been suspended, and no entirely general 
treatment of the condition is yet possible. The suspended transformation, 
liquid -4 solid, is perhaps most commonly met and has been most fully studied. 

Tammann ‘ fouml that the cryatalUzathm, the occurrence of which ends the condition of 
suapeadod trnnsformutioii, docsi not occur throughout the whole at once, but proceeds 

‘ Z. physik. Chem., 25. 441 (18D8). 



Fio. 1). One Component System in¬ 
cluding Li<iuid-C:rystal Phu.se 
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from one or more points that may Ire looked upon as nuelei. It is found that the nunilier of 
fsiiph nuclei ^ppeorinK per unit time in unit of the lupiid iiu’reftjtO"* Ht first*with the donree 
of undercooling, reaches u maximum at some temporaturo ami then decreases. The rate 
of crystallization not only depends upon the nundicr of such nuclei. l)id is also dcpemlent 
upon the passive resistance which the liquid offers to the propag.dion of the hranches of the 
crystalline material; this passive resistance becomes greater us the teni|*eratur«' falls and 
the liquid becomes more viscous. At temperatures MtfRciently Ix-lou the tmltmg point the 
number of nuclei will be small ami the rate of crystallization enormoudv dow. so that the 
suspended transformation may continue alimist indefinitely. Thi' is (he <‘on<litioii existing 
in the so-called amorjjhous soliih, which are greatly uiidercooled li()uids ot hjg)i viscosity 
showing suspended transformation. Considering other tyiios of su'peml»‘d transfoimation, 
the change solid-► li<inid has not beiui observed to show such a comlKion m aiiy one-eoni- 
ponent system. T.be transition solid —*■ solid tna\ be inad<’ to show suspended tlansfonnation 
eitlier with rising or falling temi>oratiire or wuli rising or falling pri'ssun’. indeed the rigidity 
of the solid state is a properly most favorable to slow tiansfoimaiion. 'I'he leaelioiis liipiid 
vapor and solid t--.- vapor in Ixith directions are v<‘ry liable to suspended tniii'forinution. 
as witness the phenomena of snix'iheating of liquiils ami the umlen'oolmg of vai»ors winch 
oecur where nuclei of all sorts are eareftilly exi-hided. In general. suspciide<l transformation 
is most easily limited or ended liy introfluction of a imeleiis of th- sjiecific phase with respia-i 
t I which the system is metastable, e.g., the missing solid for an umh'reooled h<iuid. Iml. 
as has been shown, the ehango may even then Ih' imlelinilelv slow. Thus i-alcit«' has been 
sliown to 1)0 tlie htalile form of <-aleiuiii caibonate uinler teirestrial conditions, hut the o<-cur- 
nmee in nature of the metastable form, aragonite, is sufricient nidicatioii of the slowness of 
tlie transformation. 

Experimental Methods for One-Component Systems: Sptict* is not here 
available for discussing oxperiinontal inctliods in detail. Transition tenipor- 
aturos of two .solids are most commonly determnual by tlihilometrioal metliotls; 
i.e., by observing tlto ciiange of volume of a solid witli rise or fall of temperature, 
which will upon l>oing plotted give a smooth curve up to the transition temper¬ 
ature, at whicli tliorc is an alirupt change of volume with the formal,ioit of tlio 
new phase witli its entirely different density. The transition temperature 
solid lirpiid is more commonly determined by thermal methods, that is, Ity 
subjecting the system to the influence of a constant liigher or lower temperature, 
which cau.se.s a regular increase or decrea.se of temperature to occur until the 
ecjuilibriuin temperature is readied; at this point the latent lieat of fusion will 
hold the temperature constant until the ciiange is complete. In the use of 
these, or any other of the many methods, suspemled transformation must be 
itrevented or componsateil. 

Systems of Two (’omponent.s 

In passing to the study of .systems da'^sifled as of two components, it will 
be well to consider briefly certain general facts as to the components, inde¬ 
pendent variables, and pha.''es. As previously stated, a system belongs to 
this class if it is possible to express the compo^tion of all the plin.scs in term.s 
of two substances, and not le>s than two. The Jiaphazard choice, however, 
of any two pure elements or comixmnds from the laboratory shelves may not 
be depended upon to give merely a two-component system, but may also give 
rise to three-component .sy.stems, depending upon the nature of the substances 
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taken. If the two substances employed give rise to no phases except such as 
are intermediate in composition between the two substances taken, the system 
will conform to the requirements for a two-component system; thus, the forma¬ 
tion of solutions, which are always intermediate in composition between their 
components, introduces no new complication, nor does the formation of any 
additive compound from the two substances. Sodium sulfate and water, for 
example, may form, in addition to phases composed of the simple constituents, 
a solution of the two and may also form several hydrates, such as Na 2 SO<.- 
lOHiO; the system is of two components, by application of the rule. If, on 
the other hand, the two substances form compounds other than those of an 
additive nature, the system cannot be regarded as of two components; e.g., 
bismuth nitrate and water form by hydrolysis phases consisting of basic nitrates, 
such as 2 Bi 2 O 3 .N 2 O 5 .H 2 O, whose composition cannot be expressed in terms of 
bismuth nitrate and water nor of any other two substances derivable from 
them; the system is, therefore, of three components. 

The independent variables in two-components systems are three in number, 
instead of the two considered in the case of one-component systems; in addition 
to the pressure and temperature, the composition of phases may also vary 
independently, through the formation of solutions. In order to make a com¬ 
plete representation of these three variables graphically, it is necessary to use 
diagrams in three dimensions, leading to surfaces and volumes in addition to 
the points, lines and areas occurring in two-dimensional representation. How¬ 
ever, it is possible to study many of the relationships satisfactorily in two- 
dimensional graphs by choosing two of the three variables for representation, 
where the third is assumed constant or ignored because of its quantitatively 
small effect upon the equilibria. We shall therefore represent the conditions 
in this section by use of the three possible two-variable combinations, giving 
what are spoken of as p-t diagrams, p-c diagrams and t-c diagrams, 
where p, I and c stand respectively for pressure, temperature and composition. 

In two-component systems we meet with a type of phase not occurring in 
one-component systems, namely, the solution phase. It lies in the nature of 
elementary instruction in chemistry that the student should in his introduction 
to chemistry obtain a somewhat restricted view of solutions; it lies in the phase 
rule to make clear how the term is of very broad significance, including many 
substances which may appear to be quite different, van't Hoff' has given a most 
satisfactory definition of the term solution: a solution is any phase the com¬ 
position of which may vary continuously within certain limits. That a solution 
is a phase, and therefore homogeneous, excludes at once all mixtures, which are 
necessarily heterogeneous; that it may vary continuously in composition ex¬ 
cludes elementary substances and compounds, each of which has definite com¬ 
position. Such a classification of bodies into mixtures, elements, solutions and 
compounds is based upon homogeneity and composition and not upon the 
physical properties upon which the physicist's classification into solids, liquids 
and gases is made. Solutions may further be given a secondary classification 

' van’t Hoff, Z. phvaik. Chem,, 5, 323 (1890). 
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on the basis of the physicist s three states of aggregation; there may be gaseous 
solutions, liQuid solutions, and solid solutions. Gaseous solutions occur when¬ 
ever any two gases are brought together, since all gases show unlimited aohi- 
i)ility (a term to be defined later); liquid sol\itions are known popularly as well 
as by the chemist, and the term is applied to any homogeneous liquid where 
composition may be made to vary continuously, whetlier it has been prepared 
from a solid and a liquid like salt and water, a gas and a liquid like carlxui 
dioxide and water, or substances in any initial phy.sical state; and solid solu¬ 
tions, although less commoidy met with, exist wherever the homogeneous pliase 
has assumed a solid condition, as in the iron-carlxm alloy known as steel. It 
is with these various types of solutions that we shall find o\ir principal ijiterest 
in the study of two-comj)onent systems. 

By application of the phase-rule ecpiation, it follows that for two-compement 
systems, four coexisting phases give rise to invariant e<iuilil)num, tliree co¬ 
existing phases to univariant equilibrium, twi> coexisting jihascs to bivariant 
equilibrium, ami one phase to trivariant ecpiilibrium. Trivariance is here 
possible, since variations in composition may occur in addition to variation 
in pressure and temperature. Of gascoiis pliases tluTc can never be moni than 
one present; of liquid phases, two is the maximum number thus far observed 
in coexistence; and of solids, there may coexist any number jxjshible under the 
statement of the phase rule, consisting of pure components in tlnur various 
polymorphic forms, of additive compounds, or of solid solutions. The number 
of possible equilibria is too great to admit of complete study in this chapter; 
the following table gives in the first column the five possible types of bivariant 
(two-phasc) equilibria, which by formation of a third phase give rise to the 
univariant equilibria of column 2, and by ad<lition of a fourth phase the in¬ 
variant equilibria of column 3. The number of sueh types of phase complexes 
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i« here calculated with the restriction that the coexisting phases cannot include 
more than one vaijor phase, nor more than two liquid phases. In eolumns 2 
and 3 occur many repetitions of phase complexes; the total number of different 
systems is seventeen, of which five are bivariant, six univariant and six 
invariant. 

The classification given .shows the number of equilibria. The number of 
specific e<iuilibria in a given system may, however, be much larger through the 
occurrence of many different solid pha.sca; thus the univariant type equilibrium 
V - L - S may occur in .as many specific forms as there are solid phases 
possible to be substituted for S. In our study of these extensive possibilities 
our method will be to consider each of the five bivariant equilibria in turn, 
with such of the univariant and invariant equilibria derivable from them as 
have s|)ecial interest. 


.1. The KQUiLinniuM; Cias-Liquid 

The equilibrium between a gas and a two-component liipiid, known as a 
binary solution or less liappily as a binary mixture,' has a variance of two; the 
viqior pressure of such a system therefore depends upon the composition if the 
temperature be kept constant, or upon the temperature if the composition be 
kept constant. If the two components possess unlimited mutual .solubility, 
the composition may be made to vary from 100 per cent of one comiionent to 
too per cent of the second, and a continuous va|)or pressure curve at constant 
tem|)crature may bn drawn. As to the exact nature of this depemlonce of 
vapor pressure upon composition, the phase rule gives no information; much 
more satisfactory treatment is possible according to the theory of the liipiid 
state, leading to a treatment of the important process of fractional distillation. 
It has also been shown in an earlier section that the distribution law f Henry’s 
law) gives a satisfactory basis for treatment of the equilibrium gas-liipiid. A 
phase-rule treatment of such two-jihase systems will not be given here. 

If a system, ga.s-liquid, is submitted to such conditions that a second liquid 
phase appears, there are features of interest in the new univariant equilibrium 
which results (T — Lt — I,-). Leaving to a later .section a more complete 
discussion of the limited or restricted .solubility that mirst characterize the 
liquids, let us simply assume that we have such a pair of liquids in eipiilibrium 
with their vapor, and let us keep in mind that each of the liquids contains both 
components, since it is an empirical rule that solubility of liquids, if it occurs 
at all, is always mutual. In Fig. 10 is given a p — c diagram of such a system, 
in which we assume a constant temperature; the varying compositions are 
shown on the axis AB and the pressures on the ordinate -It'. The vapor 
pressure of the pure component .4 is represented by the point C. Let us assume 

' Tho use of (lie term ‘'mixture” for a homoKOiieous wilution is to lie (iepioreii, since 
it is a term impIyiiiK heterogeneity, and therefore eonfuse.s the essential iihase relations. 
In this chapter effort will lie made to avoid the use of the word mixture and all its derivatives 
except where heterogeneity is actually present; on aeeount however of prevalent usage, it 
will oceasionahly lie necessary to refer to the less desirable nomenclature. 
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that addition of component B lowers the total pressure of the system; if, as 
MJiuetimcs happens, the total pressure increases instead of diminishing on 
addition of B, the detail only of the diagram will differ from Fig. 10, the essen¬ 
tials remaining the same. The curve CE is then a part of the curve of the total 
vapor pressure of the system. At the point E we reach the saturation con¬ 
centration of the liquid, represented i>y the composition x, and further a<ldition 
of B gives rise to a new liquid phase of the composition y. We now have two 
liquid phases and vapor at a fixed tem¬ 
perature, and the system is isothermally 
invariant; that is, no changes in pres¬ 
sure or composition can occur so long as 
the temperature is kept constant and 
the three phases are retained. Addition 
of B therefore increases only the mass 
of the second liquid y. Turning atten¬ 
tion to the vapor pressures, since the 
licpihl X, the lupiid y and vapor are in 
etpiilibrium with each other, the licpiid 
y must have the same vapor pressure 
a.s X, namely /)<; both its ])ressure and 
composition are tlierefore fixed by tln‘ 
point F. Any relative (luantities of .! 
and B taken so as to give a total com¬ 
position between x and y can give only x and y as solutions and a total pressure 
jif Wiien tile amount of B is increased .so that tiie coinposilioii falls to tlie 
right of //, the phase x disappears and the vap<>r jiressure falls along the curve 
FD, wliicli terminates at D, the jiressure of tlie pure component B. llu! total 
l apor-pressure curve therefore consists of two discontinuous parts, ( K and /' I), 
connected by a line of invariant pressure. In the metastable region h — I 
tlie curve is believed to cxhiliit a iiiinimuni and maximum {(• and //) ami a 
point of inflexion 0, like the pressure-volume curve for a pure liquid Inflow its 
critical temperature, as sliown by van der Waals; using the reasoning made 
familiar there, the curves EG and IIF are to be rt'garded as nu'tiistable and 
aOH as unrealizable. Tlie familiar the<.ry of \an der Waals, as applied to a 
jiqre liipiid, has tieen extended so as to cover tlu* case of a binary liquid solu¬ 
tion.^ The complete curve here drawn is the curve for the compo.sition of tlie 
liquid phases; that for tlic composition of tlie vapor phase, which wtnild fail 
below CE — FD, is not here indicated. 

Pn.shiag to thi* p.artial pressures of tlio untividiial coiiiponetits in the systetu. the curve 
for the partial pn-ssure of .1 must Ikkiu at C and must reach th<- level .,f jero pr<!ssure wlieii 
.4 isahveiit, that is, must end at/i. The mferr.ipte,t eurve T/ A7^ shows its eours**. The 
points / and K possess .special interest. The %ap<.r pressure of -1 m the wdution x must Ih! 
the same ns in the solution u. sinee otherwise a di.stillatioii from jihaso / to pha.>wt y woul.l 
occur. It ftiilows then that the pressure of .1 in the phase in which it predominates (x) is 
in iiowis«' different fr<mi its pressure m the i.hasc m which it is present iii hut stimll amounts. 

I van der Waals and Kohnstamm L<hrhuch tier Thrnno<iyn<tmik, 1800. 
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Thw fact becomcM at,ill more striking if one considers pairs of liquids in which the mutual 
Holubility is very low. as in benzene and water; here, the solubility of water in benzene at 
25® I.H only .07 per cent • and that of benzene in water is of the same order, so that the points 
X and y very nearly roineide with A and B', yet the vapor pressure of benzene in the phase 
cojilniniriK only about 0.1 per rent l)enzeno is exactly equal to that in the phase containing 
90.9^1 per cent Ijenzeno, that is, practically as high as that of pure benzene. This was first 
(lenionst rated experimentally in the case of ether and water by Konowalow.* 

It is (if vahin t(i keep tliis relationship in mind, so that the error may not be 
made of carrying over into tlie realm of concentrated solutions ideas based 
upon the theory of dilute solutions, according to which the vapor pressure is 
lowered in proportion to the molecular concentration of the second component. 
Expressing the condition in the general language of Gibbs’ concept, the chemical 
potential of a component in two phases at equilibrium is the same in the dilute 
piiase as in the concentrated phase. 

What has been said for the curve CI-KH applies equally to the partial 
pressure curve for/J, namelyThe metastabic and labile .sections 
between I and K and between /' and K' represent the same conditions as in 
the curve fur total iiressures. 

li. The Kquilibhium; hiquiD-LiQuin 

The existence of two li(iuid phases in equilibrium implies a limited mutual 
solubility; where the solubility is uidimited, such a system cannot exist. A 
complete theory on which to forecast the extent of mutual solubility is not 
known; the topic will be treated in the third section of this chapter. It i.s 
po.ssible however to arrange classes of substances, b((th litpiid and solid, in an 
order representing in a rough way their solubility relations; the key to it is 
expressed in the phrase which has come down from th(( alchemists, similia 
nmilibus mlvuninr (like is dissolved by like). Our selection of partially soluble 
liquids will therefore necessarily give us components which are quite dissimilar 
in composition, in general chemicid iwoperties, and particularly in such physical 
properties as degree of association and dielectric constant. 

Upper Consolute Temperatures; Phenol and Water; When phenol and 
water are brought together at room temperature and in suit;d)le |)ro|)ortiona, 
two li(iuid phases result together with a vapor. This has become a classic 
instance of a two-liquid system. In studying it, we shall treat it ;is a con¬ 
densed system, in view of the fact that changes of jircssure (within reasonable 
limits) have but slight effect upon the equilibrium existing between the liquids; 
omitting therefore the vapor phase from reference and substituting a fixed 
pressure, we have a univariant system in which the relationshii) of temperature 
and composition will be studied. Alexejew,’ to whom, with Guthrie, we owe 
the pioneer work on two-liquid systems, was the first to obtain a clear picture 

' Hill. J. Am. Chem. Sof.. 45. 1154 (1923). 

■ Il’icd. Ann., 14, 219 (1881). 

< Witd. Ann.. 28, 305 (1886). 
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,■ the relations of these components; many others ‘ have since added to the 
,hla on this system, and Rhodes and Markley® have recently completed the 
showing the relations of the liquids with the various s(»lid hydrates 
.^lul with ice. The two liquid phases formed at room temperature differ in 
tliat one of them is water with a small proportion of plienol and the second is 
ciiiefly phenol with a small proportion of water; as the temperature rises, the 
pniportion of phenol increases in the aqueous phase and the ]H'op<)rtion of 
water increases in the phenol phase, until, at GS.4®, the two liquid phases have 
identical composition. Table XIX contains figure^ taken from Hothmumrs 
experiments. 

T.\BLK XIX 


Temperature 

10 “ 

20 

M) 

40 

riO 

55 

GO. 

05 


The System: Phenol-Watku 

\Vt. IVr (\‘iil H t. INt (’em Fhonc4 

iit PIkim* L\ in Phase Lt 


N 5 

72.2 

S.7 

G9.9 

9 7 

OGS 

12 0 

G2 7 

U 2 

GII.O 

17 5 

.5G.2 

22 7 

■19 7 


3G.I 


The above data are plotted in Fig II. At any fixed (emi>erature, such as 
20°, the cemposition uf the two litpiiil ph;lM■^ is rieoCNMinly lixed, the Kysfeni 
being invariiint, and tlie points are indicated liy .1 and .1'; llic isiitherinal line 
joining them is sjioken of as a tic-linr, and I lie tivo solutions are called conjugate 
solutions. 


If now, at this teinperature, Wl nor cenl e:,. li of ,,he„..l an.l wat.-r ai.- i.rmnthl loKelher, 
die con.liosition of Ihe coinplex will he reiiresenleU hi ll.e poinl r. Ihe eonu, ex ni l h.rin 
iwo liquids of Ihe con,positions A and A'. Tl.e relaliie qnanlilies .,f Ihese |,lias,.s formisl 
lie ealenlaled KConieuieally from tfie .. Ihi' wenil.t of phase .1 formed will Ixi 

„f the total, and that of .1' will he —-, - f'> "lal the ratio of Ihe 

xA' + x \ 

weights of d to A' will !«■ that of the I .. n. r.l , tlie weigitl of eaehisinversely proirorlional 

to the displiirciiienl of its tompixition from the .•.ii.ii-t.Mtitm of th.> total comitlex. 


may 
the fraction 


The effect of rising temperature upon this system is to increase the miitmil 
solubility: the curve A'H'C shows an increase in the coiiceiitration of |)heiiol 
and the curve ABC an increase in that of water. At Ihe |tomt C, the curves 
merge into each other without discontinuity, and we have a critical state in 
the sense in which critical stales have been delincd above. What have been 


. Paterno and Antpola, Gazz. cltim. ,l„l. 27. I. tSI (IWt7): Rothmund, Z. vhyzxk. them.. 
2«. 433 (189H); Sehreincmakers, Z. phy«k. fhem.. 29. .5711 (1S99), Scarpa, J ch,m. phy,.. 
2 447 (1904)' Roasa. Z. Klekirochem.. 17, 93.5 (1911): Smils and Maarse, Proe. Acad. .Sn. 


Amsterdam, 14, 192 (1913). 

*J. Phys. Chem., 25. 527 (1921). 
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ciinjiigntc solutions at lower temperatures have now become a single solute 
the temperature at which this phenomenon occurs is called the consolute tempi 
(dure, or critical solution temperature ftj. Xt higher temperatures, water an 
pheno/ are mutually soluble in all proportions, and the system can consist ( 
but one liquid phase; below the consolute temperature, the mutual solubilit 
is limited. No solution therefore can exist having composition indicate 
by points within the area A-li-C-B'-A', but such compositions can lea 
only to two conjugate solutions of composition lying upon the curves at th 
intersections with the isothermal tie-lines. 



Fm. 11. t.-c. IDiftKriim for the System Phenol-Water 


The phenomena occurring at (ho eon.solutc point are worth conxitlorinK. Assume i 
complex 1/ of the critical composition (3(1.1 per cent phenol) to bo prepared at room tempera 
ture; it will yield two litpiid phase.s of not very widely different weiuhts. If the tomperatun 
is slowly raised, the (juuntities of the two phra.ses will vary slightly but not to any large extent 
as can Ihj soon from the diagram. If thi.s system lie .stirred briskly, it will assume the char 
actcristic milky appearance of an omtilsion, always settling, however, into two clear phases 
When the temperature (>8.4° is reached, the turbidity vani-sInM sharply, so that the liiiuic 
i.s (juito traiKHparent, the pa.ssuge from opacity to transparency is so defiiiite that the tempera 
ture can Imi noted to 0.1°, and soniotimes to 0.01°. If now the transparent licpiid at a highei 
temperature is allowed to cool, the operations are rev4‘rse<l. and the turbid emulsion up|>ear: 
again at the consolute temperature. 

If instead of a 30.1 per cent ]>hon«)l-water complex, some other i.s taken and warnpHl 
a scries of change.s occurs which has a superficial liktutess to what ha.s just been dc.scril)ed 
but must bo sharply differentiated from (he true critical changes. A.ssume a complex con¬ 
taining 00 per cent phenol to be warmed from 10° to 70°: the proeo.s.s can be followed b> 
drawing a line of e(|UAl concentrations, ah, called an isop/cM. ,\t 10° the sy.stcm will consist 
of about 4/r) of tin* phenol-rich ]>ha.so lying at the Imttoin of the ves.sel u.sod and 1 >5 of super¬ 
natant u<iue4>us layer, as can lie calculated from the intercept of ah with the 10° isotherm. 
As the temperature is raised to 20°, 30°. etc., the quantity of the upper layer will diminish 
noticeably: if the system is stirred, it will l>o turbid, but will always settle into two transparent 
layers. After each rise of temperature, stirring and sub.sidencc. the lino of so|)aration lietween 
the phases will l>e found nearer the upper surface; at 55°. the liquid will no longer show tur¬ 
bidity and the lino of separation has n'ached the surface We have passed from a two- 
liquid eystem to a one-lUiuid system; but we have not passt'd through a critical state. What 
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; „mirre<i has been merely the-i.sa|)„esra..n' of a abat U re,,uire,l for a erhiral 

ortc is that two phases should boconic l.leutioal, 1 , „ „„\y with the en.i.al eompositiou 
,111 this system 30.1 per cent of phenol) that a eutiiMl atate ran lie lenehed, with all other 
,■00^)051110113, one phase iuerca»es at tile e\|ieioe of ihc oilier until the seeoiiil lias .li-appeanal 
In expcriniPDtnl ijractico, the (IKfincti.m mu hntd to obn-nc. if th.* .riiical mnuxisitmti 
Ii.is lieen taken, the two i)ha>cs will be^f/mi/in wi'iitlit and U-low th«Mnii|M‘ratuii! 

at winch they appear and disippeai, as will ho >eon In niaikmit a point jnsi, mM<lo r nnd 
tlrawuig a perpendicular {an I'oiIhtih) thiouuh it. On the nth. r haml. for an> otln-r cotn- 
poMtion the two phases will he extieniely uiioiiual at a tein|i. ratuie ju'l Im'K.w that at which 
ilicy appear, the new pha>e will appear a- a tiicio .imp ,,1 two n the top ..r ih.' hottt.ni ot 
tlie coiitiiiiuT. 

Syi^t(‘iiis like tho oik* discusstul aixoe are said to possess an iippt'r eoiisolnte 
tompeniture. A few generalizations for syst('Jn^ of this type may he made. 
Tlic curve which represents the hoiimlary of tin* lwo-li<iuid area, or the eurxe 
tif conjugate solutions, is a continuous curve; its tangent at tlie etmsolute 
tempt'rature is perpendicular to the lempt'ralure axis. The curve bears a 
resemblance to ti parabola, but a generalizeil i'(|uafioii flial sliouhl fit all cases 
lias not boon found. In gt-neral. tin* curve shows tin* largest cliangt's in eom- 
position within a companitivt'lv few degrees below the coiisolute temp<*ra(uri‘; 
in the case studied, the two litpiids depart from each otlier by 'll per cent within 
the temperature range OS 4® to O.'i'^. It has been found that a rough approxi¬ 
mation to a “law of tlie straight iliameter” ' exists, that is, ilmt a hue con¬ 
necting the middle points on tlx* tie-lnu's, .l-.l', H H', etc., is a nearly 
straight line as shown by ('c in Fig- 11- Tliis relationship suggests at once the 
law of Cailletct and Mathias * for the densities of a lujuiil and its vapor ap- 
jiroaching tlie critical state, ami stn'ngthciis the analogy bctwi'i'ii the critical 
phenomena here discussed and tliose occurring in a iKpiid-vapor systi'in. The 
statement is only an approximation, imwcM'r, if (he compositpui is exiiressed 
m molar fractions instead <d jUT cent by weight, the curvature of the diameter 
iieeomes jinmounced.'^ Tliere is al'o to be noted, in systems sJiowing conso- 
iute temperatures, a most inti*re'ting plii'iioim'mm in the area immediately 
alioveand around tlie critical point; tlie Iniuid, though plainly transparent, 
has a bluish haze, sjmken of as the entieal opaleseeiiee, wliich has oc¬ 
casioned much interest.^ Although an optical condition of this sort might at 
first l>e thought to indicate heterogeneity, Sinoluehowski ’ inis shown that the 
optical effect is due to tlie scattering of light not by individual particles Imt 
by-local variations of density arising fiom \ery sliglit ineijualities in temiier- 
ature. This critical ojialescence, far from mterfeniig witli tlie experimental 
determination of tlie coiisolute point, lias been fouml to lx? most lielpful in 
indicating a close approach to the critical region. 

* Ftotlmmiid. Z. Chvw . 26. Ml (|s'*si 

* ('ompt. rciuL, 102, 1202 (IssO). 

* Meiischulkiii, J. Ituss. pht/t. rh'tn (Jis., 44. 1117 iV.iVl). Hoozcbuoin's Die 

heterogc-iion CildchKCwichte, 2, II. |i. 01 ' lOIs. 

^Ostwald, Lihrbuch, II. 2. p. <1'I02). itotlimiiiiii. Z. phifoK. Ch-m , 26, l-'M tlsOH): 
Ciuthrie. Phil. Mag, (o) 18, o0{ ilss-t), Z pliQtil. Chnu. 38. .{ho (IbUli, 

Tjiumermans, ibid., 58. 129 il907); Konow.dow. -l/./i Pfiip^il.-., 10. -‘{Ml (lOOS). 

* Smolushowski. Phipuk. 25. 20.'* (I'lOsi 

11 
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The iiHc of the termB solvent and solute in the case of two-liquid phases will be seen to 
Ih- Im)Ui inept and uscIcsh; no fundamental distinction between the function of the phenol 
and that of the water Is known to exist, and certainly we cannot rightly regard ono component 
as active and the other ijussive, as the words imply. Where we have in equilibrium two 
I>haHcs. of which ono is of fixed composition and one of varying composition, as in the case 
of solid sodium chloride and its aqueous tM)lution, it is a convenient usage to call the phase 
of fixed composition the solute and the oonq)onpnt occurring only in the solution the solvent, 
(f we luivo such a system as NaiS()«.IOHjO and its aqueous solution, it is not easy to tell 
why wc often speak of NajS()< ns the solute; certainly no general definitions of the terms 
are possible. 

The number of two-litjuid sy.stcnis showinR an upper consolute temperature 
is considerable; a few of tliese will bo given later in Table XXII. 

Lower Consolute Temperature: Tri-ethyl Amine and Water: In a certain 
nuntber of cases, the 8obit)ility curves for two-liquid phases approach each 
other with diminishing temperature, and meet at a lower consolute temper¬ 
ature which is analogous to the tipper consolute temperature discussed previ¬ 
ously. Tri-othyl amine and water wore found by Rothmund ' to show this 
behavior. The data for this system follow. 


Temperature 

70°. . 
r)0 .... 

.“lO . . . 

20 ... 
IK..') .. . 


TAUI.K XX 

Tlia SVHIKM. 'rni-KTHYI.AMI.N'K-WATKU 


W t. Per O'lit Ammo 

\Vt. Per Cent Amine 

in Phase Li 

in Phase Ls 

. . 1.0 

— 

. 2.9 

— 

5.0 

96 

7.;i 

95.5 

15.5 

73 

about 30 

about 30 


Fig. 12 is the jilot of these figures. It will be noted that the curve is <iuitc extraordinary; 
the mutual solubilities are very small at all temperatures alsive 2.5°, init increase enormously 
from 25° to IS,5°. The emve is, finally, nearly perpondieular to the temperature axis; 
as a result, while it was not difiicult to obtain tlie eoiisolute temperature with considerable 
nceurac.v'i the corres)>ondiug compo.silion is not at all neeiirately known. The observation 
of the critical opnleseenee, which is most pronoutirod when closest to the eonsolutc point, 
indicates that the eonipositiotj is not far fiom 30 per cent. 

Most of the otlu'r sidistancos showing lower consolute temperatures are 
amines, and therefore not easy t<i bring to a high state of purity; since the 
presence of a third component 1ms been shown' frequently to have a very pro¬ 
nounced effect upon the constilute temperature, it is possible that the figures 
for this class are less ucciirutely known than those of the previous class. In 
none of these latter instances is the law of the straight diameter even approxi¬ 
mately applicable. 

* Z. vhsik. Cbfm.. 26. 433 (IK98). 

* Timmonuana, Z. phystk. Chem., 58. 1K7 (1907); FriedlAnder. Z. physik. Chem., 38, 
385 (1901); Dolgolonko, Z. phynk. Chem., 62, 499 (1908); Crisnier, Bull. Acad. Set., 30, 
97 (1895). 



HETEROGENEOUS EQUILIBRIUM 


403 


Completely Closed Solubility Curves: Nicotine and Water: AVitli i\ knowl¬ 
edge of solubility curves closed at liiglier temixMaturos and others closed at 
lower temperatures, it is natural to look for cases where the curves an* closed 
at both temperatures, i.e., systems with botli upper and lower consoliite temper¬ 
atures. Hudson ‘ was the first to discover such an example in nicotine and 
water; Tsakalotos * confirmed the data of Hudson within a few per cent. In 
Table XXI are given, not the two Cimjugate compositimis for a fixed temper¬ 
ature, but the two temperatures corresponding to a fixtal composition; this 
follows from the iaoplethal methoil of experinumtalion used by Hudson which 
will be described later. Either method will gue a complete set (»f points by 
whicli tlie entire clo.'^ed curve may be phdted. Fig. Id rcjm'sents the curve. 



° I0‘?(rj0'4ir50r60'7(f60’90’ 

° 40® 00® 

IZ0° 160° 200° 

Flo. 12 i - 1 . Diaurani for (1 k‘S\ stcin. 

Ik. 1.3 1: 

Dianram f<»r the Sisteiii, 

Triet hylaimne-Watcr 

\v 

l•l>tlIle-\Vlil(T 

TAHl.t; 

\.\I 


'I'nB .Sy.'*tkm: N’k 

<triNK-W\TMl 


Per Cent Nieotino 

l.iiWiT 

IVper 

by Weight 

'I'eiiiperaliiro r<'iiiperaluic 

<>.H 

. 91° 

9.'.° 

7.S 

. S9 

l.V. 

10.0 

7.» 

... 

14.S 

0.) 

200 

32.2. 

lit 

210 

•19.0 

01 

20.'» 

OO.H 

72 

190 

80.2 

.S7 

17l> 

82.0 

129 

IMi 


Tsakalotos (in(^^ timt tlio roinpi>'moii for )>olli rimml jM.iiits is tli«*huinc, per 

cent of nicotine, the lower temperature S°. the IukImt JOS^. Itetween the'w feitipernturex 
two eonpiKiito IkiukIh ma>’ l«* ohtaitierl, l)e\oiii| thetn, or, in ffCiuTal, otitsiilc of th<'r!fi«‘e<I 
curve, only one is possible, am] the li({ui<is are eomijletely wiluhic. 


A completely closed curve, such as that of Fig. Id, must have poitils of 
maximum and of miniinuin .solubility. At thepo p<iints the tangents to the 
curve are parallel to the temperature axis. Applying van't Hoff's law of 

‘ Z. phy»tk. Ch(m.. 47. Ill (1903). 

^ BiJl. $oc. chem., 5, 397 (1909). 
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inohih oquilihrinm, from tiic fact that at these points the solubility does not 
i-ary wi't/i the temperature, it follows that the heat of solution is zero. Be¬ 
ginning at cacii siicii poiut the curve rises witii rising temperature in one direc¬ 
tion and fails witii rising temperature in the other; the branch which shows a 
rise witli tin; temperature, tiiat is, possesses a positive coefficient of solubility, 
represents solutions in wiu'ch the heat of solution is negative, and vice versa 
for the otiier branch. 

'J’ho preceding talilc gives the critical data for some of tlie types of system.s 
<liscusscd above.‘ 

Conjugate Liquids Without Consolute Points: There is a very large number 
of conjugate li(|uid pairs which possess neither an upper nor a lower consolute 
temp(*rature. This is llie case witli ether and water and with chloroform and 
waier; it is jirobubly the case witli any jiair whose mutual solubility is very 
low. As temjieratures are lowered in such cases, a point i.s reached at which a 
solid {diase ajipears; wIkto water is one of the components, this occurs not far 
lielow 0°, since tlie conciuitratioii of the second comjioncnt in tlie water and 
its (‘ffi'ct upon tin* fnu'zing point arc small. Tliere are, therefore, four phases 
present OS' - Li - L-: ~ V’) and the system is invariant; if subjected to a 
cooling environment, ice continues to form until the a(iue<)iis layer has com¬ 
pletely disa])pear(!d, and the system of conjugate solutions cannot exist at any 
lower t(‘mperatur(‘. 'I'lie (‘xact relations will be shown in a later paragraph. 
If, on tin* other hand, the temperature he raised, a point will fuially be reached 
nt wliich one of the liipiids, namely, that one ricli in the more volatilecomponciit, 
is nt its critical state; the vapor above it has reached not only tlie same relative 
composition as the liiiuid iihasc, but also tlie same density, ami the two-com- 
IMinent licpiiil jiliase disappears in the same* fasliion as at the critical temperature 
f(>r a one-compoiient system. Ether and water are known to behave thus. 

At — ihi* Holiil phasu uppours,’ and l)cl(>w this tcmprraturudnly tho ethereal luiuid 
phiwo exists. At tliis Ictnpenitnre the etlieroiil phase conlaiii-s only alsmt 1 per cent of water, 
aud the ineri'iise with temperature rise is very small, the aipieous ])hase contains 12.7 per 
cent ether. Imt has a neuativi' solulnlity <‘(M‘fru‘ient, so that tlie ether content has fallen to 
ri.JH tier cent at at H'2°, it has fallen to 2.7 per cent.’ Kuenen and Uobson have 
found that at 201® the ethereal phase, whi'-h contains about 2 p*^r cent of water, roaches its 
critical state, above which only the water pha.se ciiii c.xist ua u liquid. (.leneraUziuK from the 
behavior of this system, we may say that where a system of eoujugulc liquhls does not .show 
an upiier nor a lower eoiisolute temperature, it terminates at low temperatures with the 
disappearaiieo of the phase rich in thu eomponent of higher melting point, and at higher 
temiieratures through tlie disaiipearauee of the phase rich in tho nioro volatile component 
at a eritii'iil point for tlie My.slem liquid-vapor. 

‘ For a fairly complete list of known ca-ses, see Hoozolwoin’s Die heterogenen Glciehge- 
wlchte. 2. II (Aten). |>p. 70. 73, 7-1, 70. 7S. St. To these add Kcjesaiid Hildchrand, J. Am. 
P/jcm. .Sor.. 39, 2120 (1017); McKelvey and Simpson, ihid., 44. 1U.’» (1922); Kraus ct ah. 
ihid.. 44, 1249 and 1919 (1922). 

’Hill, J. dm. Chm. .Sac., 45. 1113 (1923). this urtielo contains a bibliography of the 
»>8tem. 

’ Klobhie, Z. p/igsiA'. ('hem., 24, Oir) (IS97). 

« Z. pAj/siA. I'heni., 28. 342 (1^99). 
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TAHLK XXII 

Chith al Data foii Two-I.iqi id Sv'iTKM'i 


Systems Having Upper Convolute 
Temperature'? 


S\»teiiis Ha\ing I^)w<t ('on-<olu(o 
Teinp<Tiitun‘'? 



\Vt. I'er 
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\V(. IVr 
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First- 
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solute 
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solute 


('ulll- 

Ti'iiili. 
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pojieiit 



jxineiit 
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dO.l 

42 0'^ 
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.'il 

.').V 

plieiinl ’ 

72 


< '.•irlxui diMilfide-melhyli 



Di-etlu 1 ainme-\\;it<‘r ^ 

14 

1 ir 

al(ohoM 

S.’) 

•t.') 7‘" 

('i>llidiiii'-\\ ater 

4 

tu 

.Viiiline-lioxane ‘ 

.'>2 

,')9 

1 pipendllK'- 



Itenzeiie-'-uIfur ^ 


ItU® 

walei ’ 



.Muminum Imnmde-* 






-cidium Itromido 

9J 

2.42'" 





Sx'tctiiH ilavnig Itotli rpp<T aiul t (’mi'oliitc 'r<‘iniMTa(uiC'< 



Wt. Ter ('< iil 

I.o«<'r 
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Wt. I’er (Jeiit 
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iiamed 

1 ‘ompotieiit 

of I'lrsi- 
iiamed 
('oin|)otietit 

.\letli\I ellivl keloiie-w.iti't 

41 

~ t.\ 

21) 

d-Fi<’ohnc-\vater " 

7 

I't’ 

9 

<»«-I,utidine-uat<T “. 

7 


10 

4-Methjl jjiperidine-uali'r “ 

1 

:>u’ 

S 

1-Methyl jupendiiic-wjiter " . 

.7 

’ 

s 

2-Meth,vl pipendine-ttater ” 

1 

7'i' 

0 


Upper 

('(Uisolute 

Temp. 


ir>:u 

1<>U 

iKtU 


' Hothrnuml. Z. phij^ik. Cfirtn., 26. 

• Schreincmakor'*, Z. phy^nk. (.'hm . 23. 

^ McKelvcy and Simpson, ./. .1»». <’h< in. .See., 44. lOo (l‘>22). 

‘ Keye.s ami HildehraiKl, J. Am. ('han. .See., 39, 212U 0-U7> 

^ -Mexejevv, U'lcd. dn«., 28, d(l.') (issti). 

* Kemlall, J. Am. Chrm. Hoc., 45, tMib (lO-M). 

‘ Huchner, Z. physik. CVm., 30. tiOo (lliOt)). 

‘ Lattey, Phil. Moij., 10. ■W7 
Flaschner, Z. pkystk. Chem., 62, 45I.1 (lOdK). 

Timmermans, RoozelHxmi’.s Die hetenigenen (deidigewielilr*, .1, II, p. 7d. 
” Flaschner, J. Chem. Hoc., 95. OtW (1909). 

’• riasrhner and McKwen, ihnl, 93. ItKM) (19t)h). 
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•tDli 

I permit a study of two-liquid systems in which the pr.- - arc 
"‘! Viri ible Suffice it to say that, in accordance with Le CliatHi. r’s 
'.ire'M,list increase mutual solubility where solution is ace,,,,,. 
hr a diminution in volume, and decrease solubility in the inlreqiu nt 
case.-, wIiciT :in increase in volume occurs. The effects upon the solubility 
are uMiai/y of.small order. In a number of cases high pressures have, however, 
nltrivd tho locution of consoluto points consi(ieriib/y. 

Experimental Methods: The most commonly used method for determining 
the mutnal solubility of two liquids is that devised by Alexejew *; it consists 
in introducing known weights of tlic two liquids into a small glass tube, which 
is tiien s(>al(Ml and rocked in a bath in which the temperature rises slowly; the 
temperature at which the two-phase emulsion becomes clear gives a point on 
the curve, whicli may bo confirmed by cooling the clear liquid until it becomes 
turbid. A series of such points will give the complete outline of the curve, as 
shown above in th(‘ data for nicotine and water. Regarding the system as a 
condensed system, the ofTect of the i)resyure within the tube may be neglected. 
This extremely useful method of experimentation, called by Rothmund ^ a 
synthetic metliod, may be more j)roperly cla.ssi(ied as plethostaiic,^ since it 
consists in using a sy.st(‘m of fixed composition and determining the temperature 
at wliich conjugate li(|uids appear. ThcrmoHlnlic methods are those in which 
the temj)eruture of a system is fixed, and tlic coinimsition of the two liquids 
subsequently determined after sufficient agitation iuis brought them to equi¬ 
librium; this ean occasionally be <lone ])y direct analysis, though usually liquids 
do not lend tliemselves to easy analysis. A thermostatic metliod, dependent 
upon volumetric measurements,'’ consists in weighing tlie two components into 
each of two ve.ssels in differing amounts, and determining the volumes produced 
after (Miuilibrium has been obtained at a fixed temperature; graduated cylinders 
may be used in plac(‘ of more accurate apparatus. 

Lot m ami m' ronrosoat the weiKhts of tlie lirni (’omixmoiit uxi‘<l m (he two exiierinieats; 
lot / lopio’-iMil ilx oouo<‘iitration ia jtnvins |n‘i- oaluo oontitnoior at o(iuihbnuni in the upper 
phas»' ia both oxia'niiioals, ainoo by the ]»huM‘ rule tho ootiooiUratiou at saturation cannot 
vtuy: luul. Himilarly, lot y represent its ooneeiUration m the lower jihasc in liolh exiicrinients. 

If. now, the measured volumes of (he uiiper jihase are u and u', and (ho volumes of the lower 
l)haso li and h'. it follows tliut nx + hy ~ m, and n'x + (>'y = 

•SohiiiK (ho o«iualioiis for .i and y will nixe tlic concentration of (ho first oonu>onent in 
oaoh i>ha'o. <‘xpr4W!.od m jiei' oo. of siilution. If,the equations arc again solved, sub.s(ituting 
in |>laoe of m and tu' (In' weiglds n and n' of tlie second component, its conoentrntion in each 
phase becomes likewise known in the satne units. Ity adding together the weight of each 
coiiHioiient piOHont in 1 fc. of a given i>liase, tlie weight per cubic centimeter, or density, is 
i>btnino<l. and tho iienrntago composition by weight thus follows. .V single pair of experi¬ 
ments will, thc'rofon*. give the sohihility in unit volume and in unit weight. This pnioedurc 
inxoKos no assuinjUions as to changes of volume ociairring. 

lu ndditiun tu plotliosttdic and thcrmusttitic methods, baromtatic methods 
are conceivable; none have been devised. 

‘ WikI. .tan,. 28. SUo (18SC). 

‘2. phtiHtk. (Vow.. 26, 443 (IHOH). 

» Hill. J. .tw, (View. Soc.. 45. 1143 

^ Hill, , d. 
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C. The Equilibrium: Solid-Liquid 

In passing to systems of two components in which solid phases are con¬ 
sidered, the relations differ markedly according as sucIj jihasos consist of pure 
components, compounds, or solid solutions The classilleatiou which will bo 
used in the effort to give as complete a treatment as povsihle witliin short space 
is as follows: 

I. The solid phases consist pure components only. 

(a) Only one liquid phase appears; ie., the fused com|)onents have 

unlimited solubility. 

(6) Two liquid pha^'s appear; i.e , the fused components have limited 
solubility. 

II. The solid phases consist of compounds. 

(u) The solids show transition point';, but im melting points. 

(b) The solids show melting points, calh'd congruent melting points. 

III. The solid phases consist of solid solutions. 

(«) Only one solid .solution forms; i e., tlie solids show comph'te mutual 
solubility. 

(b) Two .•'olid solutions form; i e., the solids show limited mutual 
solubility. 

la. Pure Components as Solid Phases, with a Single Liquid: \V(! shall de- 
\elop a diagram of an entirely general nature fi>r this case and afterward show 
tliat it indicates, at least qualitatively, relations wliich are met with in some 
of our commonest laboratory e\|)eriinentation. sueli as the determination of 
melting points and of the solubility of solhL in liquids, as well as in important 
commercial operations, siicli ns tiie mamifaeture of metallic alloys. Treating 
our systems as prcpare<l under th<* prev-^ure of their own vapor, or under 
atmos])heric ])ressuro, and <imitling tie* \apor phase from e<nisideration, we 
may use Fig. 14 to represent the t<‘m|)erature-(;oniptisition nOations of the 
s\>tem .Si ~ S.. Here the jioiiit li reim ^ents the freezing pf)int of pure .S’,; 
as increa.sing quantitie.s of .S\. are added, I lie freezing ))oint falls along the curve 
H(\ which tlierefore represent" the (’(piilibiium of .S' \Mtli the li<piid phase. In 
like manner M is the freezing point of .s', and M<' its fnrzing-point curve. 
Since in all cases the freezing point of a c<unj)onent whicli exists in the solid 
phase in pure condition is lowercil by llie prevenee of a second component in 
Its solution, the two curves must take the general direction liere indicated and 
must intersect at some point winch will be discussed later; our freezing- 
pi'int diagram therebtre must show discontinuity, and the two branches to the 
curve represent respectively .S'l as solid jiluise in eipiililirium with licpinl and 
S'i as solid phase in equilibrium witli li{|ni<i. The two curves have been spoken 
<»f a.s freezing-point curves; they an* also correctly named .solubility curves, 
since they represent the concentration of tlie solutions saturated with a given 
phase at a given temperature, which is a definition of solubility. It is worth 
emphasizing tliut there is no distinction of any sort between a freezing-p<nnt 
curve and a solubility curve since each reim'sent.s tlie temperatures and com- 
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jKisitinns f(ir tlui pquilil)rium between solid and liquid. Most of our solubility 
ilata in the literature represent simply .sections of the general curve CR or CM. 
It is als<i worth noting that in a two-component system of this type there is 
(pialitativc ccpiivalence in the functions of the two components; that is, one 
is the .solid phase through a part of the range of composition, and the other 
through the remainder. 



Fid. 11. Tho System Si — S:. Tho Phiisow nio Pure C’ornjiunc'iits, with one 
Taquicl PIlU'O Present 

Tlic (liaKnnn for :v sdluliility curve Mich as ('R is here given in its simplest 
form; it will friMiuently show wi<le variations from the simple form indicated 
liere, the only unvarying condition being that it necessarily begins at the point 
of inttusection (■ and ends at the melting jioint R. It may, for example, show 
a discontinuity in direction at .some intermediate point; as previously stated, 
this is evidence of a change of phase and must represent {since compound forma¬ 
tion is here left out of discu.s.sion) tliat the solid phase has a transition point 
from one polymoridiic form to another. The curve for the equilibrium of 
silver nitrate (solid jdiase) and water shows such a transition point at 160®; 
tlint for ammonium nitrate (.solid phase) and water shows breaks at 32®, S2.7®, 
and 125.6®. Moreover, the curve sometimes fails in part of its course to main¬ 
tain its slope toward the axis of the Milid component with temperature rise. 
A slope in this direction means an increa>e m solubility with rising temperature; 
but numerous instances exist in which the solubility decreases with rising 
temi)erature, well-known cases being calcium cliromate in water and calcium 
citrate in water. Maximum and minimum points in the solubility curve are 
also by no means uncommon. All of these directions and changes of direction 
can be derived from van’t Holt’s law whenever the thermal data are available; 
the solubility curve is ascending at a given point when the heat of solution in 
the saturated solution is negative at that point, is descending when the heat 
of solution is positive at that point, and is neither ascending nor descending 
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(which is the condition at a point of nni\iniinn or inininuiin sohil)ility) when 
the heat of solution is zero. In applyinu tliis law, however, it is necessary 
to remember that the heat of solution which governs the direction of the 
equilibrium by its sign is the heat of solution at mtiiration, i e., (ho heat ile- 
veloped by the last increment entering the solution. Vau't Hoff's law has to 
do with a displacement of an e(|uilibrium liy thermal means; it is clear that 
what may happen in a .system not yet in equilibrium (i.e., not yet saturated! 
is altogether irrelevant. .\ recollection of this method of a|iiilying the law is 
e.s.sential if one is to avoid error. For examiile. it i' common knowledge that 
when water is poured tipon solid potas'iiiiii hydroxide, niiich heat is evolved; 
if one deduced therefrom that the s,,|iiliility of the coiiipoiind decreased with 
the temperature, the eiror would be ilagraiil. The initial heat of solution i' 
positive; it may be that the total heat of 'oluttoii is positite; but the linal heat 
of solution, reiiresentiiig the dissohiiig ot the ia't inereiiient entering the 
solution at the .saturation ])oint, is iiegatiie, and hence a ri'C i>f temperature 
will result ill the dissolving of another increment. 

Itetliniina to Kic 11, a solulalil\ i‘ur\ e 'la Ii :i' 1 ’ /i’ o i.n-si-nts s.ioiralien ei eriuiiiliriiini 

reaililieiis. it separate' .. m "hi'h -nliiuiai' niai air, sl.ilJe ol nieta'Ialile 

The area to tlie riitht ot the eiine t' It i' the leiami of ini',itiii.ile.i solaiioii'. that to llie leli 

I' the reitloll of llietastalJc 'Upel'allll.oe.l -olimoli' \ plia-e-lille ili-niiellon ... .. 

throe t.ipe' of sohitliilis ... oiil.l -lin|ile. hut is the oiili lonn al . \ satiiralej soliilioii 

IS one 111 ei|iiilililliini wilh th.. pii.i-e .iiel o ... iiiiairi eleil In aiMllloii of tiioie 

sotiil ptiase, an illisat lira tell 'oliitloii e one m In- li villi ili"oKe ... pliii'i' if it lie ail-h -I, 

anil a siipersaliiraleil solution i- one vvin.h, heiiii; ineOi'lalile. will pieeiintale solnl pha-e 

from Its -inn <oiiipiisllion anil fall to the ... of -ililiation if a iiiieleiis of the soli-l pha-e 

he ailileil. .Ml ronee|i|s of ileclei- of ..itnl ... aivvav- refer t-i a parin iil.ii solnl -it 

satiiraliiii! phase (.s', in the ..I ... f III. -m"' a -..liilioii .inihliriiiiii with one 

phase isiiniteeapalileof enteiini; ... tel iti-.n. of -atiir.ition vvllh lespeet lo some 'ee.iii.l 

jilm-t'. 

The iiiter.sectioii of the two-snluhihlt eiirtes (Cl, eiilled Ihe i itfeefi'c /wiiif, c 
llie most interesting point of llie ihiigiatn Mure the curve HI reprt'sents 
solutions satiiraleil with .s',, and .UC s,,|,iii„ns sa(,irale,l with -S.. I lie inter¬ 
section must represent a solution saturated witli both solids. The system 
repre.sented by this point consists of two solid pliases, solution and vapor, and 
is called a quadruple iioint; by the pha.se-iiile equalioii, it is tin invaritint point. 
.■V .solution to be in eqiiilibrinni with both solids can have therefore only the 
eiitectic composition C ami can exi't in stable l■quihhrinnl oiil.v iit the eutectic 
temperature, I,. Rise of temperature alime /, results in (he disiippearaiice of 
one or both solid phases, and fall of temperature in (lie disiippearaiice of the 
liquid. The eutectic point may he delined in terms of tliese iilienomeiia; it is 
an invariant temperature at which the |)liasi- reaction of the aptem, upon 
removal of heat without change of temperature, results in the disappearance 
of the liquid phase. 

In a system including a eutectic we have a .simple and widely used niean.s 
of securing a constant temperature. If two solids, properly chosen as to their 
solubilitv relations, are brought together in the eutectic proportion or any 
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proportion approximating the same, they will begin the process of dissolving 
which, being endothcrmal in all common cases'for both solids, reduces the 
temperature to the eutectic temperature. If, now, the system is well enough 
insulated so that heat can reach it from without only at a moderate rate, and 
is well stirred so that solution of the solids can occur quickly and temperature 
inequalities be eliminated, it will remain constant at the eutectic temperature 
until one of the solids has dissolved completely. With proper apparatus, ex¬ 
tremely constant temperatures result; but, as pointed out in our introduction, 
it does not follow that the equilibrium will be reached at all if the apparatus 
is unsuited. Thus, the eutectic temperature for sodium chloride and water 
is - 22.4°, and a coarse mixture of the two solids, ice and salt, gives a reasonably 
effective freezing mixture for the household ice-cream freezer; but it is doubtful 
if this mixture, poorly insulated from the outside and warmed from the inside, 
practically free from stirring and with the salt and ice poorly mixed, ever gets 
within many degrees of — 22°; that is, no equilibrium is reached. But, if 
snow and fine salt be put in a Dewar flask and well stirred, a perfectly conrlam, 
temperature may be maintained for hours; equilibrium is really attained. 
Examples of other eutectic temperatures and compositions will be given later 
in Table XXVIII, together with eutectics of other classes. 

The existence of eutectics for systems of salts and water was first observed 
by Guthrie.' At first, in the absence of knowledge of the phase rule, incorrect 
interpretations were made. The solid separating out was thought to be a 
compound, and was called a cryohydrate, the point being named the cryo- 
hydric point. The view that the solid was a compound was based upon its 
constant composition; tor, it will be seen (Fig. 14) that if the solution C deposits 
solid by abstraction of heat and at the same time itself remains unchanged in 
composition, as the phase rule requires for an invariant point, the solid precipi¬ 
tated mu.st be of the same composition as the liquid and will therefore also have 
an unvarying composition; reversing the process and warming this solid 
material, it will melt at a constant temperature, which is likewise the behavior 
of a pure compound. The fact that the solid is not a compound, but a mixture 
of solid phases, was shown by Pfaundler' and Ofer ® who showed the identity 
of the physical properties of this material with those of a mixture; heterogeneity 
can sometimes be detected by careful direct examination, and always by means 
of microscopical examination. Constancy of composition and constancy of 
melting point alone, it will be seen, cannot establish a chemical compound; tno 
application of the phase rule (here nothing more intricate is involved than the 
intersection of two liUe.s) is, however, adequate to settle the question. It will 
later be shown that the evidence of the phase rule may be not only negative 
ns to compound formation, as in this instance, but may also be positive. 

The general diagram of Fig. 14 may be used to illustrate the effect of iso¬ 
thermal and isoplcthal changes. Assume that pure component Si be taken 

' PhU. Mag,, (4) 49 , 1. 206, 268 (1875). 

' Ber„ 20, 2223 (1877). 

• SiU.-Btr, IVi'm. .4W.. 81, II, 1058 (1880). 
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at some temperature, a, below the melting points of both compounds and that Si 
be added to it continuously at constant temperatures; the isotherm ah will 
indicate, by its intersections, all the changes which occur. Addition of s(»lid 
Si will produce at once a small amount of solution of the composition in 
equilibrium with St, as indicated by a'<7, serving as a tie-lino between the 
liquid and solid, which bear a conjugate relation to each other. Addition of 
more Si will increase the mass of the solution a' witliuut altering its composition, 
since it is a saturated solution at that temperature, but the mass of solid St 
decreases by dissolving; finally all 5? has dissolved, and the composition falls on 
a'b' above a\ The solution is now unsaturated with respect to eitlier solid, 
and grows richer in Si until the composition // is reached, which is that of a 
solution saturated with -.Sj; from thi.s point onward the ccunposition of the 
liquid remains fixed while its quantity diminishes until the pinnt b, representing 
pure solid 5i, is reached. 

For nn isoplethal study, uo nill assiiiiip a piuni)li‘x of .''i pouiainiiiK a very siuall atiemut 
" of ronrcspiitcd by r; this will mtvp not only to •*liow all tlio jiliaso rhatiKcs ponsiblo, 

but will illustrate the very practical cxpcrinn'nl of takiiiK the mcltniK poitU of a sliahlly 
impure solid. At c the complex con.Msta <tf a mixture of two solids, Sj In'iiur pre.sent only 
in traces, a.s the temperature rises ahuin the isopleth r d. no chaiiKe occurs until the eutectic 
temperature, le, is reached. Here, liquid phase of the coinpcjsitiou (' is formed, luul sola! 
»Si disappears in the formation of the solution; the n’latix e amounts of solid N, and of solution 
are represented by the leiiKth.s c'C ami Now, if our total composition wer<‘ nearer that 

of C, the amount of the solution would be sutfi4'ient to la* \i.'»il>le. and there waaild la* a halt 
ia the rise of temperature of the system while the eiidoihcrmal foriiiatioii of this solution 
was oceurring; hut, with the roni|)osition winch wc ha\c purposely chosen, the amount of 
the !i(]uid is so small that it is not visible, any mor<‘ iban wouhl la* a drtip of wafer jioured 
upon a bucket of sand, and there is no (hicdible halt m the' temperature riw. As we now 
pass along c'd' toward d', the length U ’ r ' representing the relalue huikm of solution remains 
ca>ii8taut. while the length representing the mass of solid .Si is eoiistaiilly <le<n‘asiiig. wiiieh 
means that in reality we arc i>blainiiig more liquiil phase and losing solid jihast'. At some 
point, e, the amount of li(iuid l)e<a)mes large enough to be seen, ami tin; total mass softens ; 
from then onward it liceomes s<tfter ami sofb'r, until at </' it (iarities etnnphielv with the 
disappearance of solid. To siioak in the inexact terms of lh(‘ experiment, the- solid «li<l not 
melt shariily, but melted between the temiMTature.H r and d'. It will I>o seen that the length 
of this temperature intenal deereaM-s as the isojiletli is rained toward the axis .S',, so that 
the '* 8harpnps.s” of the melting jioint is a rrifeiioii of the purify of .S’,. Only in the e(»iM|,lete 
abbOnee of a second eomiamenl does the sub'tani ** possess a true melting jioint, li. 

Systems of two coiiipoiioiits whicli tin; reiircsciitt'*! (liiigrtiniiniiliciilly by 
ji'lg. 14 arc very numerous. They include iinuiy pairs of organic compounils 
and of inorganic compounds; salt.s witli water fall into tiiis class in numerous 
instances, and the solubility curve of a salt as given in the various solubility 
tables is usually a section, more or le^s compltdc, of one of the curves of 
the diagram; metallic alloy.s occasionally fall into this Class. The term alloy 
is so broadly used that it is not easily tiefined; mo.st simply phrased, an alloy 
is a substance containing two or more components which are metals. In 
practice, however, we do not hesitate to apply the term to iron-carbon alloys, 
in which only one of the components is a metal. In Table XXIil are given 
three typical cases of systems which may l>e represented by lig. 14. 
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tisix xxm 

SolOBItITT CO»VM KtaoTIM 


' 

Cyclohexane: Benzene ^ 

Silver Nitrate: Water* 

Lead: Silver* 

Point. 

• 

Temp. 

Per Cent 
Cyclohexane 

Temp. 

Per Cent 
Silver Nitrate 

Temp. 

Per Cent 
Silver 

M 

+ 5» 

0 

0® 

0 

327® 

0 


- 6.2 

17.04 






- 11.3 

28.26 






-26.9 

52.88 






- 30.2 






C 

-(44) 


-7 

46.2 1 

303.3 

5 


-37.1 


+ 6 

56.3 

460 

10 


- 31.2 

84.56 

20 ; 


535 

20 


- 16.5 1 

88.34 

40.5 


648 

50 


- 6.7 ; 

93.42 

135 

92.8 

875 


R 

+ 6.2 1 

100 

208 

100 

981.5 

100 


> Mascarelli and Pestalozai, Oazz. chim. ilal., 38, 38 (1908). 

* Etard, Ann. chim. phyt., (7) 2, 524 (1894). 

* Petrenko, Z. anorg. Chcm., 53, 200 (1907). 


In the case of alloys, the conditions at the eutectic are of importance, not 
only as determining the lowest melting point for the metallie pair but also as 
affecting the structure and physical properties of the solid alloy. If some com¬ 
position other than-the eutectic composition be taken and the molten metallic 
solution cooled, upon reaching the freezing-point curve RC or MC in Fig. 14 
(dependent on whether Si or S, is in excess), crystals of the one component 
begin to form throughout the liquid mass. When the temperature has dropped 
to the eutectic temperature, t., it will there remain constant and crystals of 
both Si and S, will form in the eutectic ratio and continue to form until the 
mass is entirely solid. This crystallization of the two solids in a continuously 
uniform ratio fills in the interstices between the crystals previously formed with 
a conglomerate which, though truly a mixture, is remarkably uniform in 
character. By the methods of metallography, such metallic surfaces can be 
examined under the microscope; under high magnification the eutectic mixture 
shows (ts heterogeneity, as in Fig. 15o, but its approximation to homogeneitjs 
as shown in Fig. ISh is such that in mctallographic work it is looked upon as a 
“structural element” as if it were a single phase. 

Ib. Pure Coibi^ents as Solid Phases, with Two liquid Phases Occuning: 
It has previously been pointed out that if a system of two conjugate liquids 
with an upper consolute temperature be cooled, aqd if it be the fact that DO 
lower consolute point exists, a solid phase will eventually appear. There Will 
then be present four phases (S ~ Li - L, - V) and the system is invatisht. 
Such a system must show in its graph a two-liquid ares in eonnecthm with a 
solubility curve such as was discussed in the preceding examples; Fig. 16 Is a 
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type figure drawn to represent such relations* in which the points A and B 
represent the composition of the two conjugate liquids which are in equilibrium 
with the solid phase Si at the temperature t. It will be seen that such a system 
contains the two-liquid curve shown earlier in Fig. 11 and the two solubility 
curves shown in Fig. 14, the difference being in the apparent break in the 
solubility curve CB-AR (Fig. 16) at it.s points of contact with the two-liquid 
curve. The only new considerations that enter are, therefore, limited to this 
point in the diagram. 

T^e temperature t at which these four phases are in ecpiilibrium gives us 
an added example of a quadruple i>oint. We liave j)rcviously discussed the 
eut('ctic as such a point, the phases being .S'l - S., - L - V; tlie transition 
temperature of two polymorphic 
forms, mentioned previously but 
not discussed, is of the same cla-'^s, 
with two solids, one liquid and 
<our new’ example differs in 
liaving two coexisting liquids. No 
>peeific name has been giveij to 
till' type of (itunlruplc point, liut it 
1 ' neverthele.ss one (if considcralile 
jnt(Test. Its recognition give.' us 
a j)}iase-rule explanation of a com¬ 
mon occurrence in organic practice, 
namely, the Mi-called “meltnig 
under water" of various com- 
p(umd.', this phenomenon oecur' 
frequontly'at temperatures far bolow the true melting point of the pure COIll- 
jxMind. It wiiroccur iiivariaiily in two-eoinpoiKuit systems of the type under 
discu.ssion if one oxp(?riments with complov*' of a comjiosifion intermediate 
between *1 and B, tlie two conjugate soluti<uis; sueh a complex is represented 
by X in Fig. 16. 

•\t tho initiiil tc*mi)(*rafurc of x, »lio (ouM'-t-* of tho *^ 011(1 Si in njuilil)ri(im will* 

it# haturatoH solution as ran lx- n-ad from tlio diaitram, if tin- toniinTiiliin! Im rained 
along the isopifth x}), th(‘ oonoentration of tho M.luiion ri'OH al<iri>: ('U. finally rearhing the 
t’omijotiiiioii li. At the (piiulriiph' point t tin' tempenituie n.-e will hnlt. and as ihe aolid iS’i 
yoiitimica to ilisiwilve. a new liquid plias*' Ix'gitiB to form, i»f the etuiipoHifjon A. It will bo 
s<x.*n that the now liquid i« not sinipU a la\r r of tnolien .s'l, l)ul i' a solution, tho phenomenon 
18 then not at all the melting of a solid into a liqiml of idi-ntical eomposiiion, aa happens 
with a pure onc-rom|)onont Inxly. but is th<‘ forinatmti uf a n-eond eimjugiite liquid. On 
eontinued applioafion of heat, the solid A'l will di';i}»|*ear rompletelv, and only two liquids 
(with vapor) rcniaiii; the continuation of the i'opleth to the point I) haa l)cen dinciuuied In 
connection with Fig. U. 

This phenomenon of “melting under water,” or indeed under any other 
li(piid, since it represents an invariant temperature, is a perfectly definite 
jiroperty for any compound, and might serve as a criterion of its purity, 
although in practice other properties are more convenient. A few examples 
of such quadruple points follow. 



Pha'O' arc Pure ('omiKiju'iits with Two Liquid 
Phil'.*'', Prrse nt 
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TABLE XXIV 

Tub Quadruple Point S — Li — L» — V 


SubHliilircs 

M.P. of Pure 
Component 

Quadruple 

Temp. 

Wt. Per Cent of First- 
named Component 

u 

L, 

BpjijoIc acid-water. 

121.4® 

98® 

71 

7 

Phenol-water... . 

42.7 

1.7 

72 

2.5 

Succinic iiitrile-water . 

53 

18.5 

92 

10.2 

Water-ether. 

0 

- 3.8 

99 

87.3 

Re.wi'ciii-benzcno . 

no 

96.5 

08.5 

15 


At invariant temperatures such as appear at t and te in Fig. 16 there occur 
pha.'^e reactions; that is, the addition or subtraction of heat results in the 
passage of substances from one phase to another, without change of 
ature, and in the ultimate appearance or disappearance of a phase. The 
course of such phase reactions can be easily followed from the diagram. 

At tho teniperuture t, omitting reference to the vapor phase, which will be present after 
the reaction as well as before, tho compositions of the three phases which bear a conjugate 
relation, as shown by tho tie-line t, are represented by Si, A and B. Of these, A (one of the 
solutions) is intermediate in composition Iwtween Si and B; it follows geometrically that A 
can bo formed from certain quantifies of St and B, but that it is impossible to form Si alone 
from any quantities of A and B, or B alone from any quantities of A and Si. Tho phase of 
intermediate composition is formed always from those of tho extreme composition, and the 
phase reaction which occurs upon adding or subtracting heat is 

.S’, + U ^ U 

where Lj stands for tho composition B and L\ for tho composition A. 

It remains to decide which of these reversible changes occurs upon addition 
of heat and wlticli upon subtraction. If thermal data are available, the con¬ 
clusion could be reached by use of van’t Hoff’.s law; but in the absence of such 
data, the diagram will give the answer. Inspection shows that areas in which 
L\ is represented exist only at temperatures above f, while and Lj exist 
both below and above that temperature; hence, the arrow pointing to the 
right represents the reaction resulting upon addition of heat. We may also 
deduce what univariant equilibria (two phases plus vapor) have their origilK^ 
at this quadruple point. There will be us many as there are combinations of 
two out of the three phases, which are: 

iSi + Lj, at lower temperatures (curve BC), 

Li + Li, at higher temperature (curve BT).!), 

Li + jSi, at higher temperature (curve Ai?). 

If now we apply the same reasoning to conditions at the other quadruple point, 
namely, the eutectic C, we obtain the following: 


Phase reaction: Si + ~~ Li 
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I'nivariant equilibria: Si + S,, at lower temperatures, 

Si + Z/:, at higher temperatures (curve CB — AR, since 
Li and L; are equivalent when not con¬ 
jugate), 

Si + L}, at higher temperatures (curve CM). 

From the invariant points existing for the system, we have deduced all 
the univariant equilibria which exist (i.e., all the curves of Fig. 16). There 
remains for discussion only the question of the solubility curve for Si -t- Z< 
between the points A and B. To tliis is ascribed an S form (shown in the 
dotted lines), with a point of inflection, such as is ilrawn to represent the van 
der Waals equation for p — r relations of a gas and liquid, and such as has 
previously been shown in Fig. 10. Of course, all parts of this are either meta- 
stable or unrealizable. 

As a complete example of a system rei)re.sented by Fig. 10, the data for 
succinic nitrile and water are given in Table XX\h 

X.W 


SoCCINIC NlTlULE AND AVaTKU * 


Solubility Curves 

Co 

njuKiite l.i'juitl.*': Curve 


Temp. 

Mol. Per 
Out Nitrile 

Point 

Tenip. 

Lt Mol. 

Per {'uiit 

/., Mol. 

Per Cent 

Puint 

0 ° 

0 

M 

18..'-,° 

2,5 

72 

li. A 

- 1.2 

1.29 

C 

20 

2.7 

70.7 


0 

1.3f> 


39 


50.4 


17 

2.3 


45 

.5.97 



1H.5 

2.0 uml 72 

li, .1 

53.5 

10 

30.7 


24 

70.t> 


cirra 

ciifii 20 

20 

n 

2{).3 

81.2 







100 

It 




_ 


‘ SchrciDCinnkers, Z. pkysik. Chun., 23, 


As special cases falling into thi.s class .should be included systems in which 
the conjugate solutions are metastable, i.e., the curve ADIi is wholly to the 
left of the solubility curve CHAR, as Alexejew found for salicylic acid and 
water,’ and also the rare instances in which the conjugate solutions show a 
lower consolute temperature, in which case the conjugate curve is conjoined to 
a descending solubility curve; such a relation cxi.sts in the system: potassium 
iodide-sulphur dioxide.’ 

Ha. Compounds as SoUd Phases, without Congruent Melting Points: 
Systems of this type introduce few considerations not already advanced. They 
are, however, extremely common; whenever any two components show a high 

• Wud. Atm., 28, 305 (1SS6). 

’ Walden and Centnenixvier, Z. phmik. Chrm.. 42, -(.12 (1003). 
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,|,.»rec Ilf Miliibilitv, it is probable that there is more or less compound formation 
in the liipiid phase, and frequently one or more of these compounds will form 
solid Jiliiiscs ns rvell; the formation of solid hydrates of salts for example is (,f 
the commonest occurrence. The classical instance of a system of this tyjic 
j.s Kivcn by sodium .sulfate and water; studied first more than a century ago 
by Zis and by Gny-Luisuc,' it has had its various solubility curves and transi¬ 
tion point,s determined by a number of investigators, the wort having been 
completed recently by Wuite * at the high temperatures leading up to the 
critical temperature of the solution. The composition-temperature diagram 
i.s shown .schemalically in Fig. 17. The curve .46 is the freezing-point curve 



for ice, which ends at the eutectic 6 (— 1.2°); here the other soliil phase is the 
decahydrate, N'a-SOi. 10H;0, which is an additive compound formed of the 
two components. The solubility curve for the decahydrate rises with the 
temperature up to 32.4°, which is its transition temperature (F.) to the an- 
hydroits form and the distinctive point of this diagram. The curve for the 
anhydrous sulfate shows a solubility diminishing with rise of temperature up 
to about 120° where it reaches a minimum value, afterward rising until tlie 
temperature is 234°. Here (point 0) occurs a transition from the common 
crystalline form, which is rhombic, to a polymorphic monoclinic form which 
has a diminishing solubility up to 365°, which is the critical temperature of 
the solution; the concentration of the salt in the liquid pha.se is here very low 
and the critical temperature is practically that of pure water. The four solid 
phases occurring in equilibrium with solution along this curve are represented 
by IF (ice), A'lo (decahydrate), S, (rhombic anhydrous salt) and Sm (mono- 
clinic anhydrous form). The data for these four solubility curves follow, the 

‘ Zis, Schu'fffO’ Joum., IS, 100 (1815). GHy-Liii>sac, Ann. chim. phyt.. It, 296 (1819). 

> Z, p/tystk. Cheffi., 86. 340 (1914). 








HETEROGENEOUS EQUILIBRIUM 


417 


composition of the solution being given, as is customary, in weight per cent of 
NsiSO) present, irrespective of the nature of the solid phase. 

TABLE XXV-A 


The System: Sodh’m Sulf^te-W^teu 


Solid Phabe: Ice 

Solid Phase, N’aSDi lOHtO j 

vSihd PlniM*' NH 5 . 8 O 4 


(AB)‘ 


(«E) t 

Hhomhu* (/'*(/) * 

Temp. 

Per Cent XatSO« 
in Solution 

Temp. 

; Per CVnt Xii^SOi 
in .'^olutitin 

Temp. 

Per (Vnt N'lisSOi 
in Solution 

- 0 . 0 ® 

1.96 

0 ® 

1.76 

3 :.® 

33.1 

- 1.2 

3.85 

10 

S3 

.>0 

31.S 



20 

16,3 

1<»0 

29.S 



30 

20 0 

190 

30.4 



32.7 

33 6 

231 

31 0 


Solid Pha.'!e: XaiSOt Monoelnne (07/) ’ 

Soli.! I’have: Na:S(h 7HjO {Ch 

Temp. 

Per (’ent NajSOt in Solution 

'I’emp. 

Per (’<-nt \a2SO4 in .S 

2.50® 

2<)..5 

0° 

i 16.3 

279 

2.*).3 

.5 

19.1 

319 

17.2 

10 

23.1 



1.) 

27.0 



20 ' 

30.tl 




31.0 


■ lU- Coppct, .tnn. chw,. pliyi.. (4) 25, .Vl',1 (ls7-') . X. rhl'-l- ■ C'" 22. 2:10 (Is'.l"). 

^ Soidell, Soluliilities, X. \ ., MHl*, p. <Ht*. 

J Wuite, he. at. 


This system shows tlio |)lienc)mcn(m pf suspeTided (raii.sforniatioii to a 
marked extent, as indicaterl by tlie dotted lines in the diagram. 

The suluUlitv euive tor the ileeahydrale ftf has l»;ea .. miioc .listanee l-.ymul the 

iraasition temperalure of :i2 4°. lo the poa.t h”. Here, as la all . asc-H of s„|„l„l,ty, Ihe «ohi- 
hlhty of the melastable laaly is hwher than that of the stable Ixaly. so that, if a i rystiil of 

lire oiiliydrou,s .salt is init into the solution of the ... F'. Ihe sohibilily drops lo S 

with a simultaneous dro,, of temperature... Ihe pro, ipll.ill.m of Ihe solid ,s ai, eiidotliernile 

reaction. The soluhlhly eiirac of the rhoinbii aiiliMlroii. salt, VF. ha. also Ireei, prol.mifed 
a eonsidcrable distance into the melastable repioii. as sli.m.i by TO and Ihe lee curve AH 
has been extended to C. In this nietastable reiuoii lo Ihe left of Hh a second hydrate, of 
the formula Nn-SO< 7HtlJ, has lieen found, havinmi solul.ihtv rurve CA, it is itself inctastable 
and gives rise to a metaslahle euteetie with ice at - 3 .»» (C ) anil a rnetastable transition 
point to the doeahydrate. H. at 24 2». The data lor this curte are given as the last part 
of Table XXV. 

The complete system, KaiSO, - HtO, shows the five tpiadruple points or 
invariant points B. C, E, F and (!. B and C will be recognized at once as 
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eutectics. E, F and G are transition points, of which we will discuss one (f) 
in some detail. The point F represents the stable transition point of the deca- 
hydrste to the rhombic anhydrous form, the phase reaction being the following: 
NajSO).lOIIjO — NajSOi + solution. The change from left to right repre¬ 
sents n partial fusion, since the solid hydrate changes to a solution plus a second 
solid; such a transition is sometimes called an incongruenl melting point, to 
distinguish it from a true or congruent melting point, which will be discussed 
with our next type of system. While not a melting point in the exact sense, 
it is nevertheless a change of great practical usefulness, since it occurs at an 
invariant temperature and therefore gives a convenient means of obtaining a 
definite and constant temperature. If a sample of the hydrate be subjected 
to the influence of a higher temperature, it will maintain this constant temper¬ 
ature F until the transformation is complete. Richards ‘ has found the temper¬ 
ature to be .'12.383°, as carried out in an open vessel; this is not exactly the 
quadruple point, which by definition must be under the natural vapor pressure 
of the system, and has been found to be 32.6°.* The transition points of this 
and other hydrates give us one of our most convenient methods of obtaining 
fixed points for the standardization of thermometers.* Such transition points 
are also of use in making constant-temperature baths for experimental work. 
Further, since the transition from anhydrous salt to hydrate is an exothermic 
change, such materials find use as thermophores or heat-producing mixtures for 
warming purposes; thus, a quantity of sodium acetate and water, if heated above 
its transition point and allowe<l to cool, forms a metastable saturated solution of 
the anhydrous salt and water, but, upon crystallization of the stable hydrate 
being started by agitation or other means, the temperature will rise to the 
transition temperature (.uS") * of the compound NaC-lIjO! 3H;0 and remain 
at that temperature until all the heat of transformation has been evolved. 

We shall consider next the vapor-pressure relations of this system. In 
the first place, it should be stated that for a two-conqionent system there can 
be no such thing as the vapor pressure of a single solid such as Xa2SOj, 1011-.0, 
for if we imagine a vessel containing only this solid and water vapor there are 
but two phases present, so that the system is bivariant and any vapor pressure 
may be maintained within certain limits. It is only when three phases are 
present that the system becomes univariant and has a definite vapor pressure 
for each temperature, and this vapor pressure will depend upon wliich choice 
of three phases is present. We must consider then the vapor pressures of all 
the various phase-complexes, and not the indefinite pressures of a single com¬ 
pound or solution. The three-phase univariant systems with the two com- 

‘ UicliardH, Z. physik. Chetn., 26, liOO (1808); Richnrda and Wells, ihui.. 43 , 405 (1903); 
Dickinwm and Mueller, J. Hm. Chem. Soc., 29, 1381 (1907). 

»Cohen. Z. phyaik. Cht-m., 14, 90 (1894). 

• Hiehnrds, loc. ni.; Richards and Churchill, ibid., 28. 313 (1899); Richards and Wells, 
loc. at.; Richards and Wrede, 61, 313 (1908); Richards and Fiske, J. -Im. CAcw. Soc., 
36 , 485 (1914). 

♦The transition point is very close to the metastahle conjugate melting point; Gretm. 
J, Phya. ('him., 12, 655 (1908); Miller, ibid., 12, 649 (1908). 
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ponents sodium sulfate and water (omitting tho lieptahydrate from considera¬ 
tion because of its metastability, and tho moiioclinic aidiydrous form because 
of the high temperatures required) are the following, vapor phase being as¬ 
sumed present in each instance; .Sr - L - I', “ V, and Siq ~ I ~ V. 

In Fig. 18 these three curves arc shown soluMiiatically; tlio solution pliaso is in 
each case the saturated solution, since 
only when saturated can it remain in 
equilibrium with the solid phase. Tiie 
continuous curve AB is the curve for 
the pressure of the system consisting of 
rhombic anhj'drous salt and saturated 
solution; it rises with temperature rise, 
and is liere shown for temperature> 
both below and above its transition 
point C at 32.4®. Considering next tlie 
curve for the decahydratc and saturated 
solution, it must, at the lower tenqxT- 
atiires where it is in stable equilibrium, 
have a higher vapor pressure than tlie 
first system, since the concetd ration of salt in its saturated solution is less than 
in the metastable solution; we must represtmt it th<‘refore by a point 1), above 
.1. This curve also will rise with rising temperature and must pass through 
the point C, since at that temperature the same .-olution is saturated with 
resjiect to both solid jihases; the twri systruns could not have different vapor 
pressures, otherwise, vapor would distill from one to the other, or, in other 
words, the two sy.stem.s wouhi not be in (‘(piihbrium. The curve D(' therefore 
lies above AC throughout; and it sliould be pcunteil out that there is no in¬ 
consistency in tho .stable system having the higher v.qmr pressure, hut that, 
for a two-componont .system where solutions are pre>ent, llie lugher vapor 
pressure for the stable system is a neces>ity. Tin* thinl .sy-steni, consisting of 
tlie two solid ))hascs ami vapor, has the lowo-st vapor jire.ssure, which is repre¬ 
sented by EC;\t is a stalde system below 32.1®, foreertain ranges of composition 
as shown in the upper left-hand corner of Mg. 17. Tliis curve also must pass 
through the quadrujde jioiiit (\ since at that temiierature the two solids are 
not only in cquiliimum witli each other hut are also in e(iuilibriuin with solu¬ 
tion, and hence must sliow the same vapor pre.-.^ure as .systems inclmling the so¬ 
lution. The complete diagram shows one (hree-plia.se .s\>tem stable above 32.4® 
and two sy.stems stable below; above that temperature there is therefore only 
one equilibr um vapor pressure possible for Ihiaa; phases, while below' it there 
may be either of tw'o. Which of timse two will prevail at a given temperature is 
solely a question of the total (piantities present in the system. Let us suppose 
that, in a desiccator at room temperature, Is put a large quantity of aiihyilrous 
N'lisSOi as a drying agent and above it a disli containing a small amount of 
saturated solution including crystals of Na;8U4. IOII2O; in that case tlie total 
composition will be represented by the point x in Fig. 17. The vapor pressure 
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of the system Sio + L (DC in Fig. 18) is higher than that of Sio + Sr (EC in 
Fig, 18); vapor at the higher pressure will therefore hydrate the anhydrous 
desiccating agent, forming the system of lower vapor pressure, and the solution 
will evaporate completely, leaving pure NaiSOt.lOHjO on the dish under a 
pressure on the line EC (Fig. 18). Such a system can be used to obtain a 
hydrate of definite composition for analytical purposes.' If, on the other 
hand, the amount of anhydrous NajSOt taken were small, so that the total 
composition is that of y in Fig, 17, it would be completely hydrated before the 
.solution is evaporated, and the higher vapor pressure represented by DC (Fig. 
IS) would prevail. 

Ilb. Compounds as Solid Phases, with Congruent Melting Point: In a 
large number of systems in which additive compounds exist, it is found that 
these compounds not only possess a transition point such as has been described 
above, but also po.ssc8S the property of melting sharply and distinctly into a 
liquid of the same composition ns the solid. Such bodies arc said to possess a 
congruent melting point, and possess a solubility curve quite different from 
those previously discussed. Phenol and aniline fall into this class, and will 
serve ns our exam])le. In this system three different solid phases appear, 
namely, aniline, phenol, and a compound of the formula CjflsNIIa.CeH.'iOH. 
These give rise to three solubility curves which arc represented in Fig. 19 by 
the three curves ilc, ah, and bed; the data follow from which the curves are 
drawn. 



Fkj. lU. Tlio Sy-trai, Phoaol-.\aiHnc (Schematic) 


The composition of the solutions is given in molar percentages, which is 
always the most logical method of representing composition and is here of 
especial convenience where the composition of compounds is to be deduced. 
The point d in Fig. 19 is a eutectic, from which originates the solubility curve 
for the compound, dc; the solubility increases with temperature up to 31° and 
' Hill and Smith. J. .4m. Chem. Soe., 44. 546 (1922). 
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TABLE XXVI 

The System: AxaiNE-PHEvoL > 


Aniline in Solution in ^foU•!i per Itk) 


Solid Phase: Aniline (de) 

Solid Phase, ('ompound px-dl 

Solid PlniM- 

1‘hciiol («d>) 

Temp. 

Composition 

Temp. 

1 

f'ompo-iiictii 

Temp. 

('ompo-ition 

- O.l" 

100 e 

(- 12”) 

( ) d 

(I5"t ! 

( ) i> 

- 7.1 

9H..5 

- .5.2 

S9 2 

IS 5 i 

20.1 

- K.l 1 

9(>.9 

-1- 5.7 

.s.( 7 

25..1 

15 4 

- 9.5 

94.8 

22 

70 1 

29 5 

n u 

- 11.4 

92.4 

27.5 

00 9 

.12 

9 s 

- (12) 

( ) <1 

29 5 

.■>5 5 

;(5 

4) 5 



(••in 

(.•>1)0) r 

;(7 

1.4) 



29.9 

•15 2 

(10) 

414) o 



21 9 

.1,1 .! 





1().2 

2.1 1 





(15) 

1 ) /. 




1 Schreinernakers, Z. Chem., 29, .Vsl (l.y<',»). 


a of oO (ht con( molar <if amlino and of |)li('noI, tliat i>, a I I 

molar ratio. Tliis from tiio dianram, tin* point of maximum Icn^pcraliiro 
at which the compound can (‘xi^t in (‘(piihhrium ^^i^l^ .'*o!utio!i. (In* soluli*m, 
it will 1)0 isoon, ha'< lioro tlie same compo-'ition a> the >oh<l. Thi^ p<unt, in¬ 
variant in that there are present three pha^'.s am! that tin; ri‘''tiiction '\> im¬ 
posed that solution and .solid shall have the same comjaisilion, is (he congruent 
melting point; it is also spoken of as a dyMcctif, in c-ntitradi^tinetion to a (Miteelic. 
it being tlie highest meUing point and (he eiitedie (he lowest I'rom c the 
curve is retrograde to the i)oint />, which a '■ccond eiit<*c(ic with compound 
and phenol as the two solid pliases. 

A curve of tins c’harac((*r, shovvom a tnnxitniiin tviup'TJilurc amJ .i rcMr'mnHp' liirecUou 
upon one branch, is considered proof of l»otti (he on-urn-uee ntnl the I'oitiposiiKin of u eoiii- 
pound; * the oompo-ilion is ri'inl (ljre<alv from the ordnmte (luae I . 1 of jdienol and atnlinc) 
and w Iherefore known without the jns-esdty for the iwilniion joid analvsis of (he so!i<t. 
In many ea.ses the !>eparation of a soIkI for nnnls'is is dilheiitt or impo'-ihte, m sueh cases 
(lie ])ha8C-rule evidence is invalu!il)lc. Our kn<A\l«-dni‘ of 4-omiM>unfi ftiniiatnm in ailovs, 
for example, is very largely bnswl upon evi(h'ne<' of (hi- t>pe. 

It will be at once observed that, at eertam tem])eratiircs, such as 2:>'’ in 
the above case, there are two solutions, .r and x' respectively, which can be in 
equilibrium with the same solid jihase (liere the compound, abbreviated as -IP) 
at the same temperature. This paradox finds a simple explanation if we look 
upon our diagram a.s showing two systems and divided along the line/e; con- 

»An exception to this reasoning is the occurrence of a maximum freezing point of a nolid 
folution, which will be discussed later. 
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sidering now the upper half, it shows the two-component system, phenol- 
compound, with a perfectly regular pair of freezing-point curves such as were 
given earlier in Fig. 14. The choice of these two components is entirelv 
pcrnussible, since the compo.sition of all the phases may be expressed in term.s 
of the two; and the freezing-point curve of the compound (cb) shows the usual 
depre.ssion of freezing point with addition of the second component, phenol. 
In like fashion the lower half of Fig. 19 represents the system aniline-com¬ 
pound, and the freezing point of the compound is lowered by the addition 
of aniline. Returning to the complete figure, the freezing point of the com¬ 
pound is lowered by either aniline or phenol, as it would be with any component, 
whether or not that component could enter into its own composition. Any 
system showing congruent melting points may be resolved, for purposes of in¬ 
ter jnetation, into a number of two-component systems along the lines of the 
composition of the congruently melting compounds. 

In the study of systems composed of a salt and water, many examples of 
hydrates arc found which melt congruently and have diagrams built upon the 
type of Fig. 19. Thus, to mention a few, the hydrate N 112 ^ 207 . 5 H 2 O melts 
coiiRruently at 50®, and NjiC2Ha02.3n2() at 58®; calcium chloride forms the 
hydrates CaC 32 . 61120 , Ca(:i 2 41120 (alpha form), CaCU 4 H 2 O (beta form), 
(!^aCl 2.21120 and CaCl 2 .H 20 , of which only the hexaliydrate' melts con- 
grucntly. The system ferric chloride-water* is perhaps the most striking 
instance of multiple congruent melting points. There arc four stable liydrates, 
I^^e2(3fl. 12 II 2 O,* Fe2CU-7H20, Fe 2 ClB 51120 and Fe 2 Cl 6 .41120, all possessing 
congruent melting points. The detailed solubility data will be omitted, but 
the temj)cratures and compositirins at the six eutectics and the four congruent 
melting points are given below. Fig. 20 represents the system graphically. 


I’ABLE XXVII 

The System: FuRuir Ohloiude-Water 


Point (Fig. 20) 

Tcinpcniture 

Solid Phase.s 

Moles FcjCU 
per 100 
Moles HjO 

M.P.. . .' 

' .‘1 

0^ 

Ico 

0 

Eutectic ... 

1 ^ 

— 5o 

Icc : FcjCh 12 H 1 O 

2.75 

Dystectic. .. 

C 

+ 37 


8.33 (-1:12) 

Eutectic .. 

D 

27.4 

FoiCU 1211:0 ; FcjCh 7H:0 

12.15 

Pystoctic.... 

K 

32.5 

FoiCU.7HjO 

14.29 (»1:7) 

Eutectic. 

F 

30 

FejCU.7HjO ; FcjCh 511:0 

15.12 

Dystectic.... 

G 

56 

FeiCli.SHjO 

20.00 (»1:5) 

Eutectic.... 

H 

55 

Fe,CU.6H,0 : FcjCl, 4HiO 

20.32 

Dystectic ... 

J 

73.5 

Fc,CU.4HjO - 

25.00 (»1:4) 

Eutectic... . 

K 

66 

FeCU.4HiO : FeiCU 

20.2 

Eutectic. 

Af (inetastahle) 

15 

FeCU.12HiO : FcCl. 5HjO 



‘ Rooseboom, Z. physik. Chcin., 4 , 31 (1889), 

• Rtxiiobooni, ibid., 10, 477 (1892), 

* The double fonnulu FoiCU is used in order to avoid fractional coeflBcienta for the watei 
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In systema like the above, in which only one of the coniponenti* is appreciably volatile 
(here the water), very interestinR phase changes occur upon Isothermal evaporation. Let 
us assume that an unsaturated solution of ferric chloride and water l)e maintained at a 
constant temperature of 31®; the point is reprosentetl by r in Tig. 21. If it l)e alloweil to 
evaporate at this temperature, all changes that occur will l>o represented by the intersection 
of the isotherm at 31® with the various solubility curves. As water evap<*rn(es, the solution 
becomes more concentrated, until at the composition 1 it l> 0 Kin 8 to precipitate FctCU 12HiO. 
The composition of the solution, which is now satnrate«l, of cottrse retnains constant until 
It has completely evaporated, leaving only solid ()ehitid* meantime, the total composition 
h.'e* ri'on to the point 2, which is the composition of the h>dratc. As wat<T now leaves the 



h\drate by evn|>or:ition. solution of the coiiipr>siiioti 3 beuiiiM to appear, increaHing in amount 
until the whole ma-^is ha.s li<piofied and has the romposition of the point 3; that is, by removal 
of water isothermally, the solution x has first ehaiiged iomiilelciv to solid nii<l then c-lmngfid 
eomiilefcly to U«piid. rollowing the isotherm upward, at (he jioiiilH t. f) iitid b the proecss 
is again repeated in detail, and at 7 there is a third solidification which is not again followed 
by liipiefaction. These remarkable change.s. whi<-h fiml simple repreMuitation in a plmso- 
rule diagram, would l>o ijuite inoxiilicablo in the ab'em-e of the phns<‘ rub*. 

General Considerations Relative to 
Types la, Ib, Ila and lib: Solubility 
curves such o.s tho-sc of type Ilb, i?i 
'viiich congruent melting points occur, 

Iiuve been shown to be of great value 
in determining the existence and com¬ 
position of compounds. Such curves, 
for example, will determine beyond 
dispute in the case of optical isomers 
whether the inactive form is a racemic 
mixture or a racemic compound; in the 
first instance the freezing-point curve.«, 



Temperature 


F«>. 21. laothcrmal Evaporation in 
the System. Ferric Chlorido-Water 
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or solubility diaj^rara, will show a single eutectic only (as in Fig. 14), while 
in the latter case there will be two eutectics and a congruent melting point 
(as in Fig. 19). In this latter case the diagram will show perfect symmetry; 
inasmuch as optical antipodes show similar physical properties, the two melting 
points of the pure compoiieids will be the same, the slope of the two solubility 
curves will be the same, and, as a result, the two eutectics will have the same 
temperature; and the ct)mpoHition ratio at one of them will be simply the 
inverse of that at the other. The congruent melting point may be either higher 
or lower than the melting point of tlie pure components. 

It will ia* that syntoma may show the types of curves indicated for more than 

one type; thus calcium chloride and water show points of incoiiKTuent transition as well as 
<-(m(tment iiieltinK points, and the formation of two liquid phases is l)y no means restricted 
to systems showiiiK only a sinKlo eutectic, like succinic nitrile and water (FiR. 16), but occurs 
as well where there are transition points and oonRnjent nicltinR points. However, any 
two-componetit system {exceptinR those in which solid solution occurs, which still remain 
to be discussed) can 1)0 treated as a combination of those ftnir typos; in short, solubility 
curves, transition points, outOfti<'s, coiiRrucnt nicltinR points and incltiiiR points of components 
include all (he phase relations afTectiuR the solid-liquid c<niilibrium. 

Eutectics for the system composed of salt ami water have proven so u.seful 
for experimental work tliat an abbreviated list is given in Table XXVIII. 
HerewitJi arc included, also, those for a few acids with water, and bases with 
water. 

TADLK XXVIII 


Twc)-C<)mi*onent Eutkctics 


Compunent 

Solid Pha-se. 
with Ice 

Eutectic 

Tciiijw'iature 

\Vt. Per Cent 
Component 

NutSOi . 

NnjS04 lOUiO 

- 1 . 2 “ 

3.85 

MrSO,. 

MrSO* THjO 

- .3.0 

10 

KBr. 

KPr 

- 13 

32.15 

NH 4 NO,. 

Nl^NOj 

- 17.3.5 

41.2 

NqCI. 

NaCl 

- 22.4 

23 

NaCI. 

Nh ('1 2 Hs(^ 

- 21.2 

22.4 

CiH«(>,. 

CjIbO, 

- 2().7.') 

58.0 

CaClj. 

(’jif'li OfIsO 

— 5.') 

20.9 

FoCh. 

Fc('lj OHd) 

— 55 

33.1 

AkCK)4. 

Ar('104 h,o 

- 5S 

73 

KOH. 

KOH 4HjO 

(-70) 

(32) 

H,S()4. 

H»S04 -IHjO , 

— 75 

38 

Hri. 

HCl 3H:<) 

- 86 

24.S 


Ilia. Solid Solutions as Solid Phases; A Single Solid Solution Present: 
Abnormalities in the freezing-point curves of certain systems led van’t Hoff ‘ 
to the view that the solid being precipitated was not a pure component, but 
a solid phase of variable composition to which he gave the name solid solution. 
Brief reference to solid solution has been made in the section on the Distribu- 
‘ Z. physik. Chem.. 5 . 322 (1890). 
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tion Law. A definition of such a substance is simple; it is to bo viewed a.s a 
phase and therefore homogeneous, and of variable composition and therefore 
n s«»Iution, existing in the solid state. The concept of a solid soluti«»n occasion¬ 
ally gives difficulty, but if approached dc novo it is no more diflioult (and also 
no less difficult) than the concept of a licjuid solution. It is the idea of Immo- 
geneity in a body in which we know that there is more than one sul)stance 
pre.Mmt that gives the difficulty; and it is true that to admit salt water as 
homogeneous is perhaps impossible ])hilo.<ophical!y and no less so if (»ne prefers 
to think in terms of the molecular hypothesis. But salt water is lioinogeneous 
if defined empirically; that is, heterogeneity lias not been (lenioustrated ex¬ 
perimentally, and the treatment of it as homogeneous umler the phas«‘ rule 
brings about no contradictions. In e.xaetiy the ^ame manner, a solid .solution 
is regarded as homogeneous for the same empirical p^aMUi'^. TIu' ilifliculty 
to the .'student has not been les.sened by calling tlie>e solid solutions by the 
contradictory name of “mixeil crystals,” when the e>>eutial fact is that a 
solid solution is not a mixture of crystals, but a uniform, homogeneous jihase. 

In solid solution the condition is independent of the ^tate of the pure com¬ 
ponents under the same temiierature and pressure, ji^t as for Inpiid solutions; 
that i.s, the phase is equally a solid and equally homogeneous wlietlier it be made 
from a solid and a gas, a .solid and a li(|ui<l, or from two solids. The property 
of solubility in the solid .state is however much le^^s eomm<m than in theliijuid 
Mate, as has been previously pointed out, and course le^s common than in 
th(‘ gaseous state, where all c<uni)onents are soluble. 

In dealing with liquid solutions, we have h'arned that, in some two-coin- 
ponent systems, th(* li{juids sliow coinph'te mutual solubility, gi\ing rise to 
but a single liquid jiliase, wiiih' other system.'-, in which there is liuiiteil solu¬ 
bility, form two li(|ui<l phases bearing conjugate r(*lation to each oilier. 1 ho 
^aiiK' Conditions jirovail for solids; the two components may dissolve mutually 
in all proportions, forming only a single solal solution, or may posse.ss liiniteil 
H.lubility and form two solid solutions whieli are eonjugate. hlxtending our 
use of the term conjugate beyond it-' applieatioii to two liipiid solutions, it 
will be seen that we may have the coiijugati' relation between a liipiid and a 
solid solution and also between two 
solid solutions. \Vc shall give our 
attention first to cases where the 
conjugate phases are a liquid solution 
and a solid solution. 

Our problem being to trace the 
course of the equilibrium between a 
solid (albeit a solid solution) and a 
liquid pha.se, it is obvious that, to 
'how' the changes of concentration 
with the temperature, a freezing- 
point curve can be constructed. In p,,,. 22 . Va[)or PresHurc of Comjionent 
our previous attention to freezing- A in Sf»Ud and Liquid Phaaei* 
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point curves we have assumed, in accordance with the laws of dilute solution, 
tliat tlic freezing point of a solid is always lowered by the presence of a second 
component in the liquid phase. This assumption is justified, by the laws of 
tliermodynnmics, as long as the solid phase is a pure component; but there is 
no foundation for any such generalization when the solid phase is a solid solu¬ 
tion. In this ca.se, the freezing point of the solid solution may be either lower 
than that of the pure component, equal to it or higher, and all three possi¬ 
bilities are known. Tig. 22 is designed to demonstrate qualitatively these 
three conditions. 

Ia'X uh cfiiiHuicr th<! vapor proMsuro of the fomponent A tilonc (i.e., its so-called partial 
prewvirf) in u HyHtoin contposecl of A and B. The curve ax is the vnpor-pressure curve of 
the pure solid and hx that of the pure lujuid phase, the two intersoctiiiK at x; this relationship 
for a sinjilo coniiionent has jircviously been shown in Fig. 4. Let us now consider that the 
lifpiid phase has an amount of B added to it: the cur\'o reprcscntiiiK the vapor pressure of A in 
this solution niust fall below the curve for purclnjuid A, since the vapor pressure of is always 
lowered by a second component. The curve for this solution, <hi, intor-sects ax at the point 
xt, and the point of intersection is the freezing point, at which the vapor pressure of A in the 
two phases is the same, that being a necessary condition for e<iuiliinium. The point ii is, 
by the diagram, lu'cessarily at a tomporature h lower than t, which accords with the rule 
that wlioro the solid ]>hase is the pure component its freezing point is always lowered liy a 
second coini»onent in the solution. Ixtt us now consider however that the solid phase which 
forms is a solid solution containing varying quantities of B\ the curves reiiresenting 
the pressure of A in these solid solutions fall below nx a distance dependent on 
the amount of B present in the solid phase. The inteiscctions of those curves 
for the solid phase with tliat for the liquid phase (dxi) are the freezing points, where the 
prcfwuro of A in both phases is the sivino; and it will he seen that, according as the solid 
phase contains little or much B, the freezing ])oint is lielow <(tj), ciiual to it (b) or alxive it 
(f«). As to the concentrations in the phases at those various piunts, it can be shown thenno- 
dynamically, as it has lioen shown exiierimentally, that the following nilo holds; if the 
concentration of the sccoml component is greater in the liquid phase than in the solid phase, 
the freezing point is lowered (xi and xj), and if it is greater in the solid phase, the freezing 
point ia raised (xi). 

Whttt lias been shown for .solid solutions in wliich .1 is the predoniinatiiiK 
coinpontMit may also bo sliown wliere B prodoniinato.s; it follows tlion that in 
a general system .1 — If where solid solution occurs, the freezing point of each 
solid phase may bo lowered, the freezing points of (*ach may be raised, or one 
may liave its freezing point raised tind the other have it lowered.^ There will 
therefore be three types of curves necessary to express these three cases. 

Let US now recapitulate what has been learned about systems consisting of a 
liquid phase and single solid solution, so that wo may be in position to interpret 
complete dingramsi (1) tliero will be a liquid solution and solid solution bearing 
a conjugate relation to each other, and of course two hoparate curves will be 
necessary to show the composition of these two phases; (2) since only one solid 
phase and one liquid phase have beeit postulated, and only one vapor phase is 
possible, there can not be more than three phases present, and no invariant 
points, wiuch require four phases (eutectics, transition points, etc.), can appear; 

> Tho special case ui which frecsiug points arc neither raised nor lowered wUl not be 
discuseed in detail: the two optically active oximes of camphor offer an example of this case. 
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( 3 ) the freezing points of a pure component iimy be either raised or lowered 
by the second component, giving rise to three types of curves. 

In Fig. 23 have been drawn schematic representaticuis of coinplcte sj'stema 
fulfilling these requirements. Curve 1 illustrates the case where each com¬ 
ponent has its melting point lowered by the second. The curve agcfe repre¬ 
sents the composition of the liquid phase, and is called the Uquidm curve: tlie 
(lotted line abcde is the curve for the solid })hase, called the solidus curve, and 
the tie-lines show the conjugate relation. The p(»Mtion of these two chrves 
with reference to each other fulfills the rule developed above; at a given temper¬ 
ature t the liquid phase/ contains more of .1 than does the solid phase d which 
tlierefore has a lower melting point than that of pure li{e), and likewise the 



Temperature 


Kio. 2.3. The V-U, SoIkI Plm-r. :i .Sindh' Soli.l 

liquid g contains more of li than does the solid phase h, in accairdance with 
which its melting point is lower than that of pun' .U'O* Hn: point r bears a 
superficial resemblance to a eutectic, but is in no sense to b(‘ regardcMl as such, 
since it is not an invariant point; it is corn'ctly described as a minimum melting 
point, which is a characteristic point in s_\stein- of the type in which eucli 
component has its melting point lowen'd by tiie other. 

Information as to the inellitin and freezinu poiiii- in sneli a -\s(eiii can tw itaitied hy 
following an iw^leth from the point x <o«ard hover O-nipcraiiire-. Starting with thw eom- 
position and t<‘inpeni(uro. the ma-s is \i>inv\ until the icrnp.Tatnre of is rcachod; here 
Hoiid appears, but of the composition xj. as imln atcd on tli<> tio-hnc x, - x:. and it >« iippuront 
that the solid will Iks relatively rich in A and the lirpiid rich in U. If now the temperature 
Iw allowed to fall, the isopleth crosses lie-lines joining all c<.mposili<.ns of solid from xt to xt, 
and all coinpo-sitioas of liquid from xi to x». the s..l.d will therefore l>c increa-ing in amount 
and in concentration of B along the line x, - x. and the liquid di-iTeasing in amount and 
also increasing in concentration of B along x, - x,. so that the last drop of liquid has the 
composition X 4 and the total .solid the compoMtioii x,. If the lomi>eraturc l>o halted Itetween 
X. and XI. fractional crystallization can l>e effected. t his w ill lie diseussed later. The tetiii.era- 
ture X, U the temperature ot which, for this composition, solid first appears, and is spoken 
of as the freeiiug point of that complex: by extension, the whole liquidus eui^'c is regarded 
as a freciing-poiot cun-e. On the other hand, tiie point x, is the point at which liquid first 
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on ri'^ine tcrni)crature, and is called the melting point, so that the solidus curve is a 
nicMing'point rurv’o. For such a system it is clear that the terms melting point and freezing 
point reprcHcnt enJirely different temperatures: it is only where a solid liquefies to form a 
llqiiirl phase of the sameeornpoHition as itself that the term melting point and freezing point are 
interrhnngeable, as in the ease of a one-component body or a compound melting congruently. 

Mercuric bromide and iodide give curves represented by Curve I, Fig. 23, 
with a nuninimn point at oO per cent HgBr 2 (molar) and 216.1®. The small 
inconsi.stencies at 100 per cent ngBr 2 and 0 per cent HgBr^, as well as at the 
minimum point, represent experimental error. 

TABLE XXIX 


Thk System: Mercurio Bromide-Mercuric Iodide* 


Molar Pit (’cut 

Freezing Point 

Melting Point 

HgBrj 

(Liquidus Curve) 

(Solidus Curve) 

KlO. 

. 230.5® 

230® 

90. 

. 228.8 

220 

KO. 

OOO 0 

219 

70. 

. .217.8 

217 

00. 

.210.1 

215.5 

.'O. 

. 217.3 

210 

40. 

.221.1 

218 

.‘(0 . 

.227.8 

223 

20. 


231 




0. 

.255.4 

254 


' Ueinders, Z. physik. Chem., 32, 494 


The other two types of curves obtained arc show’n in Fig. 23 as Curves II 
and III. (’urve II represents the case where the melting point of .1 is depressed 
by li, but that of li raised by .1; lienee the liquid phase at all temperatures is 
richer in H tliaii is the solid plm.'^e, to account for melting points lower than 
tliat of *‘l, or to state the .same coinlition differently, the .solid pha.se is richer 
in *1 than is the liquid phase, to account for melting points higher than B. 
Curve III represents the elevation of the melting points of both components, 
leading to a maximum melting point; the po.sition of the liquidus and solidus 
curves w'ill bo found to accord with the rule relating to concentrations in the 
two phases with the rise in freezing point. Instances illustrating Curves II 
and III are known. In general, complete mutual solubility of the solids leading 
to systems represented by these throe curves are not* very common, and natu¬ 
rally enougli occur most freijuently whore the two components are closely 
related, as benzene and thiophene (Table IX), mercuric iodide and bromide 
(Table XXIX), metals of like cliarncter or optical isomers. 

nib. Solid Solutions as Solid Phases; Two Solid Solutions Present: 
When the two components show a limited solubility in the solid phase, a number 
of new relations appear. In the first place, these two solid solutions will bear 
a conjugate relation to eacli other. Secondly, if the temperature limits of this 
conjugate curve extend up to the temperatures where liquids exist, there will 















HETEROGENEOUS EQUILIBRIUM 


429 


lie two solids and a liquid coexisting which, with the vapor phase, make four 
phases and give rise to an invariant point which meets the (iefinition of a 
eutectic or transition point. P’urther, either of tliese .solid solutions alone may 
1)0 in conjugate relation to the liquid phase giving rise to conjugate solidus- 
liquidus curves such as have been shown in big. 2:!. The conjugate relation¬ 
ship of the two solid phases will be discussed under a later heading, the rela¬ 
tionships with the liquid phase being our present tojiie. 

When the solidns-liquidus curves show a miuinnim melting point, lik(‘ that 
of Fig. 23, Curve I, the existence of two solid soluliotis iiroduces a enleelie 
at this point; the condition is shown in Fig. 24. Here the Iniuiil of minitnum 
freezing point, b, is in equilibrium with the two solid solutions of composition 
d and e, as shown by the tie-line ilhc. Tliis correspotids to :i eutectic. Iuil<“ed, 
the system may be compared with the sinqilest melting-point diagmtn, that of 
Fig. 14, and the single distinction is tlmt the liquid i>hases in Fig. 21 !ire con¬ 
jugate with solid solutions, represented by luf ami cilti, whereiis in Fig. 11 they 
are conjugate with the pure components. I’otassium nitrate timl thallium 
nitrate ‘ are an example of this class. 

When the solidus-liquidus curves rise from the melting point of one com- 
])onent to that of the second, the sy.stem imiy be represented by Fig. 2.‘i. Here 



Fio. 24. The System .V-B. .Solid I'luio -. 
Two Solid Solutions with Kulcctic 



Temperature 


l'i(. ^*4 The Sk-siriti A-H; Stihrl I*lm»cs. 
TwoSjIkI Soliiiioii> with Point 


the juncture of the conjugate curve; for the Militi solutions (fc — f/t) witli tin* 
conjugate solid-liquid curves {(id — «c) product'?* an iin tiriant condition where 
the phtises are the two solid solutivuis e ;uid h, the litpiid solution d mid Mipor. 
This corresponds to a transition jioint, as shown earliiT in l-ig. 17, it is inarked 
by the appearance of a new solid jihase, whether one cools the system *Si -+• L 
or tt'arms the system Sj + L\, and by ti discontinuity of the soIid>iIit> cur\e 
at d. Silver nitrate and sodium nitrate ^ offer an illustration of this tyiie of 

‘ \'an Eyk, Z. pkvtik. Chem.. 30. i:t0 

» His«ink. Z. physik. Chem.. 32. .*,42 (ItmO). 
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curve; the tranwtien temperature t is 217.5®, at which temperature the liquid 
fl contains 19.5 per cent molar of sodium nitrate, and the solid solutions 6 and e 
26 per cent and 38 per cent respectively. 

General Considerations on the Solid-Liquid Equilibrium: The various 
systems that have been illustrated in the study of solid-liquid equilibrium 
require as experimental data a solubility curve in every case; that is, knowledge 
of the composition of the liquid phase at each temperature and likewise knowl¬ 
edge of the composition of the solid phase in equilibrium with it. The experi¬ 
mental methods for determining the composition of the liquid may again be 
classed as plethostatic and thermostatic. Among plethostatic methods the 
most commonly used is the so-called freezing-point method of Beckmann, 
which needs no description here; by it tlie temperature is determined at which 
solid phase begins to appear from a liquid complex of known composition. 
Similar in principle but less delicate in execution is the method of sealing the 
known complex in a closed tube, lowering and raising the temperature of a 
surrounding bath and observing the temperature at which the solid phase 
appears and di.nappears; the metliod can be used at high temperatures at which 
the mat<jrials would disappear by boiling if in open vessels. Thermostatic 
methods are conducted by stirring or otherwise agitating materials at a fixed 
temperature until equilibrium has been obtained and then withdrawing a 
sample of the .solution for analysis. 

These reliable and well-known methods give data as to the composition of 
the liquid phase, but give no informatioii at all as to the saturating solid phase. 
In some instances the solid j)hase can be removed by filtration and prepared for 
analysis; but it should be remarked that this procedure requires careful con¬ 
trol and, in general, some considerable previous knowledge of the 8y.stem if 
error is to be avoided. Such a solid phase is of course always wet with liquid, 
the complete removal of which is necessary before analysis. The process of 
removal, and the temperature control of the work must be such that no change 
in the solid pha.se occurs; and whore the solid is, for examjde, a hydrate or 
other compound containing a v(>latile component, changes in compo.sition are 
not always easy to avoid. For that reason certain indirect methods of de¬ 
termining the composition of the solid are often more reliable. One such 
indirect method has already been indicated; where the solid phase is a com¬ 
pound with a congruent molting point, its composition may be taken from the 
diagram (sec Fig. 19) and is the same as that of the coexisting liquid phase. 

A second method proposed by Bancroft * consists in adding to the system of the two 
compononts A and B a smali known amount of a third component C which does not enter 
the solid phase; the ratio of A to C in this complex is written x\ and that of B to C as vi* 
Upon cooling to the tempenvt\iro at which u solid phase has appeared, the liquid is again 
analysed and the ratio of A to C recorded as xt and that of B to C as yi. The change in tbe- 
ratio of A to C represents the amount of A that has gone into the solid and is therefore 
XI — xs, while yi — yi represents the amount of B which has entered the solid phase; the 
formula, if it bo a compound, is accordingly (x - xj)A.(yi — yi)B. If the solid is a solid 
solution instead of a compound, its composition is also correctly given, but a second experiment 

' Bancroft, J. Phyg. Chem., 6, 178 (1902). 
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with altered concentrations of A and B taken must of course give an altered composition of 
the solid solution. 

By all means the commonest method however of determining the nature of 
the solid is by a study of the cooling curve for the system, a method proposed 
bv Tammann ■ and almost universally used in the stmly of alloys, where the 
mechanical isolation of a solid phase is out of the titiestion. It is clear that if 
a heated system is allowed to cool with a constant outside temperature en¬ 
vironment, the loss of heat will depend upon (he heat radiation of the system as 
a whole, including the container, and the heat changes oecurring within the 
svstem as a re.sult of alteration in the chemical e(|nilihrium with the temper- 
iiture. Keeping these two factors in mind, let ns plot schematically a cooling 
curve for a system like that of Fig. 11, starting with a complex .r; in Fig. 20 
we will plot the results, using time and teni])erature as coordinates. The 
svstem is compo.sed of lirpiid and va|ior and is therefore Invariant, .so that 
its temperature may fall without producing any phase reaction; the cooling 
curve therefore beginning at a will be a smooth cnr\e .\t the temperature 
at wliich the solution reaches .saturation however, solid phase apiiears and heat 
is produced by that phase reaction so that the direction of the cooling curve 
is altered and the rate of cooling lessened; h, the point of discontinuity, ia the 
saturation temperature. The system now consists of three phases and is 
univariant, permitting the fall of temperature to continue until the eutectic 
temperature is reached; here occurs, at r, a second discontinuity in direction, 
and what is most important, the temperature will remain constant (the system 
being now of four phases and invariant) until the Inpiid has entirely disappeared, 
the iiositive heat of formation of the eutectic solids compensating for the loss of 
heat by radiation. When the liipiid has finally disap|ieared, the, system be¬ 
comes univariant and a cooling curve tU- for tin* solids follows. 

The cooling curve has rcvenhsl certain " arrests," k aial c, nalicatiiig ten.neratures nerli- 
ncnl to the study of the system, hj repetition uiicler altered circiiiii.stiilices it. may also lie 



Fio. 26. CooUQg Cun*e for a Two Com¬ 
ponent System 



Composition 


Fio. 27. Eutectic Halt, Showing Com¬ 
position of Eutociic Solids 


> Z. atiOTg. Chm., 37. 303 (1903); 45. 24 (190.5). 
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made to reveal the desired composition of the solid phase. It is the time of the eutoi u* 
halt (i.c., the time interval c - d) which may be made to give this information. It is obvious 
that the duration of the eutectic halt depends upon the quantity of liquid components whu b 
change to solid and thus produce the heat which halts the cooling. If amounts of A and fi 
of the same total weight as in the first experiment be taken, but now of the eutectic composi¬ 
tion jw y in Fig. 14, there will l>c no “arrest” at any point until the eutectic temperature 
is reached and the halt will be extended to its maximum, namely, cid, Fig. 26. That com- 
position therefore which gives the maximum eutectic halt establishes the composition of the 
solid phases at the eutectic. In like manner, a halt will occur at other invariant points, sut-h 

as a transition point; but if a composition of a 



compound having a congruent melting point i-, 
taken, there will bo no eutectic halt, since, 
as previously pointed out, .such a compound 
acts like an independent component and can 
therefore have no eutectic. The relationship 
of the eutectic halt to the composition of these 
solid phase.s is rendered clearer by Figs. 27 
and 28, in which the duration of the eutectic 
halt with the composition is plotted directly 
below the temperature-composition plot; it 
will l)e seen that the maximum eutectic halt 
shows the eutectic composition, and zero eutec¬ 
tic halt shows the composition of pure com¬ 
ponents and congniently melting compounds, 
liy more extended thermal methods it becomes 
possible to deterniiue the composition of com- 


Fki. 2H. Eutectic Halt, Showing (’oniposi- P‘>unds which do not melt congruently and of 
tion of Compound and of Kutectie Solids f'^***^ solutions as well; such methods have been 

invaluable in the study of mctallography.i 


Another general consideration of interest is the purification of solids by 
crystallization. Ilecrystallization of salts from water or of organic compounds 
from proper solvents is of cour.se a common jtroccduro; it should be noted 
liowcver that in each of these operations the purpose is to ptjrify from some 
relatively small quantity of a third comj>onent. The separation of a pure 
substance from a two-component complex is by no means so commonly prac¬ 
ticed, nor perhap.s so well umlerstood; indeed the separation of two substances 
by distillation rather than crystallization is employed, not infrequently to the 
disregard of this simi)ler method. For purposes of comparison, it may be 
stated that most substances arc volatile, and that therefore a distillation will 
in the majority of cases yield a vapor con^i.sting ot both components, so that 
tedious fractional distillation is necessary in order to obtain either component 
reasonably pure; on the otlior liand, since most substances are mutuallv in¬ 


soluble in the solid state, in the majority of instances a pure component can 
be separated from a two-component solution by the .simple process of cooling, 
and only occasionally is fractional crystallization necessary. With compressed 
carbon dioxide generally available, temperatures as low a.s - - 78® (its sublima¬ 
tion pressure under one atmosphere pressure) are conveniently obtained, and, 
in many localities, liquid air is available for production of temperatures down 


‘Seo Kreniaiiti, Dk* Anweiidung dor Thermsichoti .\naly3e. Stutigart. 1909. 
* Thiel tmd ('aspar. Z. i>kysik. Chvm., 86. 26 (1914). 
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to — ISC'*, £0 that the conditions for tlic separation of many substances by 
crystallization are not difficult to secure. If the substances used solidify as 
pure components or compounds, as in the systems illustrated by Figs. 14 to 
30, it is necessary only to bring the total composition to a ])oint on the desired 
side of the eutectic composition, and then to cool the system, stopiring Imwever 
above the eutectic temperature so as not to |irecipitatc the secoTid solid phase. 
The impurity (i.c., the second phase) is now on, but not in, the second phase; 
the solid retains the solution possibly by occlu.'.ion between crystals, or adsorp¬ 
tion upon the surface. Oood mechanical .separation (the centrifugal machine 
is invaluable for this purpose) will leave traces only of solution jiresent and a 
.-eeond crystallization of a sample so nearly pure will freipiently give material 
of the highest purity. Tlie usefulness of this method of separating organic 
eoinpound.s, such as various isomers, has not yet bi'cn sutliciently realized. 

When, liowevcr, the solid phase which forms is a solid solution, it is neces¬ 
sary to resort to a fractional crystallization, just as it is usually necessary to 
resort to fractional distillation to separate by means of the vajior phase. The 
nature of the work of a fractional crystallization will be briefly eaplained. 

In Fijc. 29 is shown q section of n iliaKratn for a «\sfi'ni ha\iin; wiljtj s<ilntn>ns, it is entirely 
minmtorial what .section of a roniplete tiiaKrani it he taken t<i repre.seiit. t'xeept in so far as 
a W'prejjent.s a point of lower teniperntnn*. Midi iis tlie nnnirnuin nieltinn point of (’urre I. 
Fig. 23, or the melting point of the inirt* eompoiieiit in (’ur\e 11 t»r III, while h reprt'senl.s 
a point of higher toniporalurt^ such as the niaxiinntn niehing point of ('nrv«> III or a melting 
point of a component. Let i\ complex / (Fig. 29; lie etxjled, at r, Ih*; freezing point on the 
li'iuidus curve, solid l>cgin.s to apiicnr. Let the eomiilex now l>e cfioled only to the point <1. 
ctirrcsponding to the teinpcruture t, at which the sj stein will lx* only jiarlly Mtlhl; the wilid 
pha.se will now have the composition If these cr\st!ils he tillered off. nndtofl nn<l coo!e<l. 
oryatallization Iiogins at the higher temperature iiml the m'coihI croj) of <TyKlalM will linvo 
a composition c' between d' and depending on the point at whieh crystallization is arbitrarily 
stopped. The cryslala olifained are th«‘refore approximating the composition h with repeat<‘d 
fractionation, and the Uipiid is therefore apiiroxim.uing n. how easily or h«»w completely 
they may be brought to tliesi* compositions <le|iciids of cmjrsi- on the relative ]>ositions of 
the Iktuidus and solidus eiirvi's for the s\stcm, just .-is a fractional disiillation d<‘pcnds on 
the partial pix-ssuix's of the components. 

If now wc compare the section used in Fi^ 2!) with tlie complete curves of 
Fig. 23, the following generalization may he made; by a fractional crystalliza¬ 
tion w’hcre solid solution occurs, the solid pha.se may he brought to the com- 
po.sition of the maximum freezing point, if such exi.sis, or t(t that of a pure com¬ 
ponent, while the liquid phase may be bmught to the compo.sition of the 
minimum freezing point, if .such exists, or to that of a pure comiionent. 

D. Tiik FQiJunnir.M (Ix.s-Solid 

Of the three possible diagrams to represent the equilibria between gas and 
^‘elid phases, namely, the pres'sure-compositioti (p-c), pres.stire-tcmperuturo 
iP't) and temperature-composition (f-r) diagram, we shall seh*ct the first 
two as most instructive, and as an example will choose a system consisting 
'*f a salt and water, where hydrate formation occurs. If we keep the water 

Li 
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small enough in amount so that no liquid phase occurs, the possible phases 
consist of water vapor, anhydrous salt, and as many hydrates as occur. Copper 
sulphate forms a number of hydrates, namely, CuSOi.HiO, CuSOj.SHjOand 
CuSOi.SHiO. bet us examine first the pressure-temperature relations, and 
insert them in h'ig. 30. It must he stated that anhydrous CUSO 4 may be kept 



(Irates of CopiKT .Sulfate 

in contact with water vapor of cta-tain pressures and temperature.s without the 
slightest formation of a hydrate—a fact of primary importance in freeing our 
minds from the erroneous imitres.sion that this compound (or any substance) is 
a perfect dehydrating agent. The diagram therefore shows an area for the 
bivariant equilibrium CtiSO, + Ht), within which both pres.surc and temper¬ 
ature may be altered simultaneously without altering the number of phases; 
the formula' CuSth -f vapor are printed in this are.a. If, however, the pressure 
of water vapor is increased, tlmre comes, for each temperature, a point at which 
the hydrate CuSOt.IIiO forms: since three phases are now present, the system 
is now univariant, and the curve W represents the pressures and temperatures 
for that equilibrirun. The curve is commonly spoken of as the dissociation 
curve for the monohydrato, since it represents the dissociation pressure of the 
reaction CuS(),.ll,0-> CuSOt -I- H-O (vapor). If we desire to .speak of it 
US a vapor-pressure curve, it is the vairor-pre.ssure curve for the system 
CuSOt.IIiO - CuKO, - vapor, and not, correctly speaking, for the hydrate 
alone; for this hydrate has no vapor-pressure curve, but, on the contrary, a 
vapor-pressure area above the curve. In this area, again, the two-phase 
system is bivariant, and is bounded above by the vapor-pressure curve for 
the system CuSth ll-.O - CuSO, 3HjO - vapor.' The other areas and vapor- 
pressure ourvea may be read from the figure; some of the data are given below. 

A number of conclusions may be drawn from Fig. 30. As to dehydrating 
efficiency, it is apparent that CudOi, put in a moist atmosphere or into a non- 
reacting liquid containing water, will never remove all the water, but will com- 
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TABLE XXX 

Dissociation Pressures of Htdrates of Copper Sulfate • 


Temp. 

CuS04 5H*0 
— CuS04.3Hj0 

CuSO* 3HsO 
- (’uSO, HiO 

CuSO, 11,(5 - 1 

.>.•>* 

7.8 mm. 

•VO mm. ' 

0.8 mm. 

Ai) 

11. • 

; 

_ 

35 

16.5 

ll.s 


•to 

23.2 



45 

32.8 

2.' 1 


.*,0 

45.-1 

.to.n 

1 :> 

SO 

2f>0.1 

is.t.l 



> Chiefly from Carpenter and Jette. J .tm. CArw. .s'or.. 45, 578 S<-e iiNo WiNon, 

iM'd., 43, 704 (1921); Noyes and Wc'‘throok. ihtd.. 43, 72(> (1S>21). 

bine with it at a given tomporatiirc D and reduce the aqueous pressure to a 
certain definite amount, depending on tluMpiantityof CuSO^ present; if it be so 
-mall that it is completely converted into (’uS ()4 r>H4), tlie pressure will fall 
to G; if it be larger, so that all the water i)ossiblc can be taken up w'ithout the 
formation of any hydrate higher than ('uS()< lln<), the pressure will fall t«> E; 
but under no circumstances can it fall to zero. The same reasoning applies of 
Course if other salts forming hydrates are used ns desiccating agents. Further, 
It will be seen that, at a given tem])era(ure, all three hydrates are perfectly 
stable and capable of existence; there is no necessary lower limit for the existence 
of a hydrate in equilibrium with a vajxjr, although there fre(|uently is a lower 
limit for its existence in contact with solution. The upp<T limit of a vapor- 
presstire curve of this character is reached w)u*re tliere is a congruent melting 
point or a tran.sition, pnalucing a li(iui<l phase and therefore a new system with 
a new vapor-pressure curve. That this is tlie single limitation to the curves 
at high temperatures is fre(|uently forgottiui, and was not at all understood 
previous to the use of the phase rule; as a result, the student shouhl be on his 
guard against statement.s emanating from the older literature to the elTect 
that such and such a hydrate ^‘loscs water at lOO®,” when all that is meant is 
that the experimenter noticed a rapid lo.s.> of water at that t(‘mperaturc, and 
not that a transition point exists. As Fig. IK) indicates, a given hydrate will 
lose water at any temperature, if the aqueous pr(>sure is les.s tJian that of its 
dissociation curve; in the terms of the phase rule, since a hydrate and its vapor 
comstitute a bivariant system, tliey may exist at any pressure, if the teinjicr- 
ature is low enough, and at any temperature if tlie pressure is high enough 
^provided only that a transition or melting point does not intervene). 

A pressure-composition diagram of the same system, siven in log. 31, shows the conditions 
at a flxed temperature, taken arhitrarily here as 50° C. If anhydrous copper sulph>it<- 1)0 
introduced into a vessel and water ^apo^ intrcxiuccd continuously, the pressure will rise 
^^ntinuously along ab from zero pressure to 4.5 nun. Ijcfore any water is taken up by the 
‘»alt. since up to 6 the aqueous pressure is less than the dissociation pressure of the mono- 
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hydrate. At b the monohydraie begine to form, and since there are novp two solid /jJiaseg 
and vapor present at constant temperature the system is invariant and pressure iacroa^e i? 
inipoBsihle as long as the three phases coexist. The water vapor continuously introduced 
tairen up in the formation of the monohydrate, resulting in a change of total eompodthn o[ 
the solid phases along the line be; when the con^'crsion of CuSOt into CuSOi.HtO is completo 
at c, the pressure again rises without affecting the composition of the monohydrate, aloiiK 
cd, until the dissociation pressure of the trihydrate is reached at d (30 mm,), at which poinr 
the trihydrate l)Ogins to form. Similar changes in direction of the vapor-pressure curve 
occur at c, /, and (/: the diagram as a whole shows a series of horizontal cun'es where two 
.solids and vapor are present. 





Composition of sotidphose 


FitJ. 31. The System, (’oppor Sulfate Water. Isotherm at 50* C. 

The stime gonerul conditions, described above for systems in which a hydrate 
is formed, are mot with in any system in which the two components form a 
solid compound or compounds, and a vapor compo.sed of one component. 
Important examples which liavc boon studied include among others the follow¬ 
ing systems: CaO — (.'O 2 ; * AgCl — NHj,* and similar amines; Hg — Oj.® 
Systems in which both components are volatile, as in the case of NHj + HCI 
and NH» H- CO 3 , exhibit more complicated relations. 

The systems discussed or mentioned are characterized by the fact that the 
solid phases are either pure components or compounds, that is, they are phases 

> Debraj’, (’umpl. rttid., 64, 003 (1807); Lc Chutelier, ibid., 102, 1243 (lH8:i): Riesenfeld, 
J. chim, pkys., 7, 501 (1909); Zavrieff, ibid., 7, 31 (1909); Johnston, J. .4m. Chem. Soc., 32, 
938 (1910); JoHbow and Bouvier, Compf. rend., 172,1182 (1921). Smyth and .\damti. J. .4m. 
Chan. Soc.. 45, 1107 (1923). 

* Isaml)ert, rompf. rend., 66, 1250 (18881. 

* Pclnlmii, Comfd. rend., 128. 825 (1899). 
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of fixed composition. If, however, the vapor phase is taken up by the solid to 
form a solid solution, a phase of variable composition results and the vapor- 
pressure curve obtained is quite different from tliose previously shown. In 
such a case the pressure-composition diasram is that of Imr. 32, in contrast 
with that of Fig. 31; as vapor is added, it goes partially into the solid phase 
to form solid solution, and, .since two phases only are present, the curve ab 
results, indicating that the composition of the solid phase Is altering with the 
pressure. If at some pressure 6 a compound forms, tliere are now three phases 
present and the system is isothernially invariant, as sliown by the cur\’o hr. 
It .should also be pointed out that if, at h, a sreond >olid .solution forms, instead 
of a compound, the curve will take tlie same dirc'ction he since tlu‘ same numlxT 
of phases is present. In .sliort, tliough an ascending curve ah of Fig. 32 is 
))roof that a phase of variable composition (solid solution) is being fornnal and 
a perpendicular (ab of Fig. 31) is proof that there is but one solid jdnise and 
of fixed composition present, a horizontal {he of eitlier Fig. 31 or 32) is proof 
of the cxi.steiice of two solid ))hases, and do(‘s not distinguish between two 
compounds and two conjugate solid solutiotis. Interesting work has l)een 
done on systems in whicli ga.ses form solid solutions, but not always with perfect 
"iicce.ss; as an example the adsorption of hydrogen by palladium, sttidied first 
by Graham and by a host of otiiers, has demonstrated that at least one solid 
sedution is found, but whether there is jdso compound formation i>r the forma¬ 
tion of a second solid solution is still an open (piestion. Oilier cases however 
lia\e yielded more satisfactory results; 
thus certain “hydrated” silicates and o) 
zeohtes ‘ have been sliown to consist of = 

'olid solutions of water in the mineral, ^ 

-mce they yield a sloping vaj)or-pn‘s- a 
•'Ure curve with change of composition 
{ah in Fig. 32), and van Bemnielin - 
has shown, by similar cviilence, that 
various supposed hydroxides, such as 
Fc(OH),, Sn(OH),, Si(()H),, 0(011), , i .,,1 rormh.B 

and probably A1(0H)3, are not com- Solid .Soiuiioni 

|)ounds but, on the contrary, .solid solu¬ 
tions of water in the various oxides. In accordance with this finding, it is jiroper 
to speak of these .substances as hydrous oxides rather than hydroxides or 
hydrated oxides, since thej^o latter terms imply definite conqmsition. 

E. Thk KyriLinniuM Soud-Soud 

A type of solid-.solid ccjuilibrium whicli has been referred to only incidentally 
in the preceding treatment is the eipiihbrium between two conjugate solid 
solutions (curve.s/e ami gd or gb in Figs. 24 and 25). It is obvious that such an 

• TaniDiann. Wxed. Ann.. W. Hi (1897). Z. phy.itk. 27, .t23 (1899). 

*van Bemmelin. Ber., 11. 22.32 (1878); 13. 14(Mi (1880); Bcc. trav. chim.. 7. 37, 

<^7. 106, 114 (1888): J. prakt. Chim., (2) 46, 497 (1892); Z. anorg. Chem., 13. 233 (1806). 






1 rpnEATISE ON PHYSICAL CHEMISTRY 


„f coiijiis«tc solutions need 
higher Icniperiitarcs to meet the 
foiute point in the solid area just i 
point in the liquid area (Fig. 11). 
is naturally of great importance in metallography, since phase reactions oo- 
earring in the solids must have their effect upon the structure and physical 
properties of alloys. In general, the establishment of equilibrium between 
two solid soiiitiona is slow, and is slower at iow-er temperatures than at higher. 
The proce.s.s of annealing solid alloys, i.e., leaving them for long periods at as 
high temperatures a.s possible, has the purpose of facilitating the phase reac¬ 
tions, while the process of chilling is resorted to when it is desired to obtain a 
phase complex which is stable only at high temperatures but which if brought 
suddenly to low temperatures will remain in metastable equilibrium with 
changes so slow as to be negligible. The methods by which the phase relations 
of solid alloys arc studied arc necessarily much more difficult than those tor 
litjuid systems, and may be found described in the texts on metallography; the 
commonest methods are thermal in character (i.e., use of cooling curves and 
warming curves) or microscopical. Details as to solid sy.stem 3 cannot be given 
here, but a brief outline of some of the work on a single such system (the iron- 
carbon system, important because of the use of such alloys as steel) will be 
given in order to illustrate equilibria of this class. 

When iron and carbon (the latter in any reasonably small proportion) are 
considered, the systiun is found to give rise to a very considerable nundrer of 
solid phases, which may (niter into various phase equilibria with each other or 
with the liquid solution of carbon in iron, heaving the spc'cific jiroperties of 
these solid phases to bo studied elsewhere, if the reader wishes, an enumeration 
of these solid phases is given below; 


not necessarily continue far enougii inwjtj 
melting-point curves, but may have ih eon- 
IS conjugate liquids may have their con.-oJipf 
The study of such conjugate solid sohihm 


Throe (possibly four) allotropic modifications of iron 


a-ferrite 

[jS-ferrite] 

7 -ferrite 

6 -ferrite 


A carbide of iron, FejC’ = Cenumtito 

Solid solution of carbon in 7 -ferritc - Austenite 

Solid solution of carbon in S-ferritc = ? 

Two allotropic forms of carbon | 

[ amorphous carbon 


The relaliouahipa of thcuc plinses hnvG t>oeu extensivoly studied and are embodied in a 
volundnous literature. There is not uii aRrccmcnt on nil of the details, because of the difficulty 
of the ex)>orim«ntal work, but that on which (here U common agreement ‘ is diagrammed 
in Fig. 33. Leaving out of consideration the small area near ..4 in which solid solution of 
carbon in £-forrite is found, the principal relationships will be* mentioned. Y-ferrite dissolves 
carbon, giving rise to a solid solution called Austenite, occupying the field AEHOF. The 
dieumlving of carl>on in the iron brings a fall in the melting point, giving rise to a Uquidus 
curve (AC) and a solidus curve (AF) such ns alway.s occurs when solid solution is formed. 
These curves fall in this case to a eutectic C. ns previously shown in Fig. 24; the three 

' Desch, Metallography, 1922, p. 303. Longmans, Green and Co. 
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phaaes are a liquid and two conjugate solids, Austenite (E) and the carbide of Iron FoiC 
known as Cementite (jD); the eutecti temperature is 1130 ° C.. and the compoaitioii Is O 
l>er cent carbon. There is of course a second area of conjugate liquid-aoHd phases, CBD, 
where the solid phase is Cementite. If we now follow the cun’es of the oonjugate solidf, 
EH and DL. an interruption occurs at the point //. when‘ the rur\*e for Austenite {EH) 
meets the curve for the transition of v-ferrite into a-forrito (FOV/). Regarding d-ferrite 
and a*ferrite as identical except for the occuneiire of Jiuutnctic projicnics in the /J-ferrite, 
or adopting any of the other \io\v> which hav.- Imvu .Mh;\nc<d' (0 th<‘ effect that the two 



Miricties arc not allotropic forms, wc muy Inuk 'in tin- puiiit /•’ (',»(}<►'') as the tninnilion p<»mt 
of pure *>-forritc into pure a-fcrrilc, and F(/7/ a' the ini\<' hlniwing the doprciwion of this 
tram>ition point by the presence of carlxin di^oKed in ilie oih' solid { \uslcnitc). 'I’he 
intersection of these two cun'cs at // (0 S'J i)or < cut t’ and Ki\eH a p«mit of cquilihiinin 
<»f three solid phases, namely, a-ferrite. .\u«lcnitf. and ('enieniite, and is niMeil a oufci-toid; 
it resembles a eutectic in being the point of eqinlilirmni between two ooinjioncnts (hero a- 
ferrite and Cementite) and n solution (here Austenite), differing from the niteetie in that 
the solution is here a solid solution in jilacc of a liqui'l solution. At lemperatures Ixdow 
the eutcctoid there will lie two solid phases in e<iuilibnum. nninely, a-fcrrite luid f'ementilo; 
these will settle out on cooling in the usual foim of a eutectic conglomerate, which, Itecuuse 
of its approximation to hoinogenoit\, is looked upon as .a >tructural eleiiM'nt and called IVnrlite. 

By drawiog isopleths at the tlifTcreiit coinptisition.s, it will be eatty tt> bCC 
what changes occur when the liquitl ina>s is cooled. Any deductions thus 
made however are upon the assumption tlmt flieso varimis equilibria are at¬ 
tained, and of course metastablo conditioiic may easily persist, particularly 
if the cooling is rapid. Indeed it has been advanced * that all the equilibria 
here represented are metastnble, and tliat the true equilibrium is one between 
the two solid phases ferrite and grapliite. ^\'lule the study of the iron-carlion 

* See Desch. p. 366, for reference". 

* Chup.' and Grenet, Bull. Soc. <rEnrouratj*nu >r. 1602. .366. 
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Hystems from the standpoint of the phase rule is by no means yet complete, 
it has nevertheless been of very great value in making plain a number of the 
relationships. 

Systems of Three Components 

In passing to systems of three components, brief study of the new relations 
of components, variables and degrees of freedom will be helpful. With respect 
to components, no new principle is involved, but it will be useful to note what 
general types of reacting substances fall under the heading of ternary systems. 
Perhaps the most frequently studied cases are those consisting of water with 
two salts Jiaving a common ion, s\ich as NaCl + KCl + H 2 O; such a system, 
if it includes new com|)ounds, can have them only of a composition inter¬ 
mediate between that of two or more components, such as double salts or 
hydrates, and therefore any i)hasc which occurs can have its composition ex¬ 
pressed in terms of the three components. It will be noted that a system 
consisting of wat(‘r and two salts without a comnion ion would not fall into 
the <Uvision of ternary sj’stems, since by double decomposition new phases 
will be pr xluccd whose composition is not intermediate between the two salts 
and water; this very comnum type of systenj is a four-component system. On 
the other hand, two salts without common ion do form a ternary system if 
water or other sijbstances be absent; althougli the cliemical equation for the 
double decomposition shows four compounds present, yet any one of them can 
have its coini)osition expressed in terms of the other three, as was discusse<l 
earlier for tlu; reaction 

t'aCOa- - CaO + CO,, 

where the system was shown to be binary despite tlie (‘xistenco tlireo com¬ 
pounds. A third common instance of a ternary system ciuisists of a single 
salt and water where tlie salt suffers hydrolysis, forming l)asic or acidic salts 
who.se composition again is not intcTmediate between the salt and water; in 
this case, the choice of the tl>ree components depends upon convenience in 
representing the .syst(*m, and an e.xoeIhuU example exists in the case of bismuth 
nitrate and water, whieli is most oonveniently regardo<l as having the three 
conqHUients BiaOj, NaOftand HjO. 

Tlie number of indepemlent variables iu a ternary system is larger by one 
than for a binary system, namely, pre.ssure, temperature and two concentration 
variables, since a ternary solution re<juires a statement (d its composition with 
respect to two conqjonents before its total com])osition is fi.xed. The degrees 
of variance for ternary systems follow directly from substitution in the phase- 
rule equation; five coexisting phases at a quintuple point give an invariant 
system, four give a univariant system, three a bivariant and so on. 

Graphic Representation of Ternary Systems: Complete representation of 
all the variables in ternary systems is a complex matter, if at all possible. In 
most work that 1ms been accomplished such a representation w unnecessary, 
since the systems studied have been clxiefly condensed systems in which the 
pressure has been kept constant or is ignored. Our problem is therefore to 
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represent the temperature as one variable and the composition as a second. 
Many geometrical means have been devised for this purpose, of which only one 
will be discussed and used here, namely, the representation of the composition by 
triangular coordinates and of the temperature at right angles to the triangular 
diagram, giving, therefore, a triangular prism as the space figure in which the 
two variables are represented. .\t any fixeil temperature, the isotherm would 
then be a triangle, representing the eompositioii, the properties of which will 
he briefly discussed. 

Following the method of Gibbs,' an eipiilateral triangle is chosen and the 
composition of each pure component represimted by a vertex (.4, H and C in 
Fig. 34); the total or unit composition is expressed by the altitiiile of the tri¬ 
angle, and the fractional jiart which a jiarticular eom|)onent contributes to a 
complex is measured by the ])erpendicuhir distance of the point representing 
that complex from the side opposite the vertex for that component. Thus the 
|)oint 111 represents a complex made u|i of component .1 in amount jiroportional 
to the perpendicular ma, [S in the proportion nih. and (' in the proportion me, 
a representation made possible by the property of an eiiuilaleral triangle that 
the sum of the perpendiculars from a point to the three sides is eipial to the 
altitude of the triangle. For the general properties of the eiiuilateral triangle 
the reader is referred elsewhere; yet one such iiroperly is of such usefulness to 
our problem as to warrant explicit statement, namely, that if a com]>lex of .4 
and C represented by the point .r is taken and increasing amounts of II added, 
the composition will change along the straight line r/i and therefori* all points 
on such a straight line represent the same ratio of .1 and V to each other. 

The dkeussion of ternary systems niU't necessarily be abbreviated; a few 
only of the nian,v possible relationships will be shown under the three following 
headings. 



Flo. 34. Ekiuilateral TriaiiBle for Coni- 
poflition of a Ternary S> stem 



'Gibbs. Traiu. Conn. Acad., 3. 176 (ls7(i). Stokes. Proc. Roy. .Sor,. 49. 174 (lh91). 
Hooieboom, Z. phyeik. Chem.. 15. 9S4 11694). 
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1 treatise on physical chemistry 

r of Liquid Phases Only: Since any Jiquids may bp 

r I by suitable temperature changes, it is obvious that we can 

ternary system as consisting exclusively of liquids only if the temper. 
atiire is stated, or in other rvords, that wc are discussing only certain isotherms 
n! ti system which will show solid phases at certain lower temperatures. The 
three liquids taken for study (A, B and C of Fig. 35) are best considered as 
malting up tiu-ce pairs, A + H, A + 0 and B + C; indeed, our ternary systems 
in general are to be considered as composed of the three binary systems. If 
each of the three pairs shows unlimited mutual solubility, it usually follows 
that any ternary mixture also will give a single liquid phase; but this is not uni¬ 
versally so, and instances are known in wliich, within certain limits of 
concentration, the system separates into two conjugate liquid layers, shown 
schematically in Fig. 35 by the closed curve ah. Within this closed curve 
tie-lines have been drawn connecting the two conjugate liquids, and any com¬ 
plex taken witliin that area will separate into two liquid phases represented by 
the ends of the tie-lines. Such a closed curve has been found for the system 
water-phcnol-acetone * at temperatures above (58°, at which all three pairs of 
components are completely soluble, and has also been found in a few other 
eases.’ The boundary curve for this two-liquid area is called a binodal curve, 
and the interesting character of the points a and b will shortly be seen. 

A single binodal curve is much more often met with where one of the three 
binary systems shows limited solubility of the liquids. Such a case is that of 
chloroform, water, and acetic acid (Fig. 36) in which the two components 
chloroform and water have a limited solubility, giving rise to the two conjugate 
solutions n and h. As acetic acid is ad<led to these two liquids it distributes 
itself between the two phases in unequal amounts and also brings about an 

increase in the mutual solubility of 
chloroform and water; any particu¬ 
lar tieline, such as a'V, is therefore 
not parallel to the base of the tri¬ 
angle. Increasing additions of the 
acetic acid bring the two conjugate 
liquids nearer and nearer toward 
each other in composition, until at 
k they become identical; k is there¬ 
fore a (b-itical point, although it is 
more commonly spoken of as the 
plaitpoint, and the binodal curve is 
accordingly a distribution curve of acetic acid in water and cliloroform. The 
figures for the 18° isotherm are given opposite. 

Distribution curves such as the foregoing have many points of general interest. It 
will be noted that the distribution ratio of the acid between the two phases is by no means 
a constant, but varies ns the acid brings about changes in the mutual solubility of the chloro- 

t Sehreincmakers, Z. phjMk. Chem., 33, $-1 (1900). 

• Hill. J. Am, CTcm. Sec.. 44. 1186 (1922); Hill and Miller, ibiil., (1924). 
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Fig. 30. Tho System, Cliloroform-Wnt*’ 
Acetic Acid, (Schematic) 
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TABLE XXXI 


CHCU - H.0 - CHiCOOH at 18“ ■ 


Heavy Phase 

Light Phase 

CHCl. 

HjO 

CHiCOOH 

CHCI* 

HiO 

CHiCOOH 

99.01 

0.99 

i) 

0.84 

99.10 

0 

91.85 

1.3H 

0.77 

1.21 

73 09 

2.').10 

SO.OO 

2.28 

17.72 

7.30 

4.8..'>.8 

44.12 

70.1x3 

4.12 

25.75 

l.'i.ll 

34.71 

.50.18 

07.15 

5.20 

27.05 

18.33 

31.11 

50.56 

59.99 

7.93 

32 08 • 

25,20 

25.39 

49.41 

55.81 

9.58 

34.01 

28.S5 

23.28 

I7.H7 


1 Wright, Proc. Hoy. Soc., 49, 174 (1891), 50, 57.3 (1S9)1). 


fuini and water, aa was discussed in the section on tlie distiilmtion law, a ilisiiilmtion iair\e 
winch followed the law eiaetly would bo shown by Iwo straight lines running from ii to (' 
and from b to C, and in practice no such curves have been found. Again, the iilidt-lioinl k 
IS almost always found to one side or the other of the maxiiiiiim point of the curve, .s’, and 
ihorefore is not at the point of the maximum sohihihly of .1 and II in each other. If one 
adds the component C to .4 and II, the system will pass Ihrough the eritieiil point k only 
if the initial composition is on the line Ckc. any other initial eoiiiposilion will, on addilimi 
of C. lead to the disappearance of one phase' at Ihc expeiisi- of the other rather than in the 
reaehiilgof the critical state, just as was shown ftir two-eonipoiieiit systems in lig. 11, whiuo 
the critical state was reached by change of lemiierature instead of change of coiniiosilion at 
a Bxed temperature as in Fig. 110 Other excellent examples of liiiuid systems showing a 

dngle binodal curve are the systems sllver-l.l-zine,> in which the desilverization of leiiil 

IS accomplished by the use of molten zitic il'arkes'.s iirocoss), and the system wiiter-tohieiie- 
acetone.’ Such a diagram as Fig. .46, if carefully drawn to scale, gives an accurato tiiethod 
for analysis of a solution of the components II and ('. which .ire otherwise not easily delarmined 
if they are organic substnnecsi to the solution of unknown composition, x. tim third component 
.1 is added from a burette up to the iioilit where the first aij|.c.iranr e of a turbidity indieiitisi 
that the binodal curve (akb) has been reached, tlio outline of tho eiirvo Is-ing aeeiiralelv 
known, the point where it crosses the line corres|ionding to tho anioimt of .1 added (y) is 
taken, and it follows that tho original composition i is on the straight lino 4i/r. 

It is clear from the diagram (Fig. 411) that any coniidex taken outside of the two-lnimd 
■irea akb will give a single Iniuid phase; such a sislein (luiiiid + lapor, with lempeiaturo 
lixed) is bivariant, and the coniposilion ma.v be allere.l willi respect to any two of the three 
components, within tho limits of thf l>ivariant aron. 

Wliere ternary systems arc taken, of wliicli two of tho biliary systoms s)iow 
limited solubility, two binodal ciirvo.s tiro nbt.iiinfcl, as in big. 37; tho diaitram 
offers no points tlifforent from tboso jiroviously discussotl. There are, however, 
.some interesting results tliat follow if the temporiitiire i.s altered, since the two 
binodal curves mav, genorally .speaking, he made to expand eitlier by increase 
or decrease of temperature until they meet. If the juncttire at some different 
temperature occurs at the two plait-points, k and k', the two curve.s merge into 

’ Bodl&nder, Berg- umf HxMenmllnn. Zty., 56, 431 (1897). 

* WaitOD and Jenldna, J. Am. Cfum. Soc., 45, 2555 U92.{). 
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each other to form a continuous band (Fig. 38). Water, phenol and aniline * 
show this condition at temperatures in the neighborhood of 50®. If, on the 
other hand, the two curves meet in such fashion that the two plait-points do 
not come in contact, the system shows an area in which three liquid phases are 
coexistent (nbc of Fig. 39). This interesting occurrence,* found for the systeni‘< 



Fkj. 'M. Trrnury HyHtoin with Two Fio. .3H. Tornary Syf^tom with Two 
Scparjito liiiKMhU Curs-CH Dinodul C’ur\'o«. Joined at Plait-i)oiuta 


silver perchlorate-bcnzciio-wator and silver porohloratc-toluene-water, may be 
explained by noting that the solution <i on the binodal curve which has its base 
on AC, must of cj»urse have n solution h of the .same curve conjugate with it: 
by like reu.s()ning, since n is also on the other binodal curve, there must be a 
solution r conjugate with it on the same binodal curve. The two curves, how¬ 
ever, do not of nece.ssity have their tie-lines parallel at the point of their junc¬ 
ture, and therefore h and c are not the same point; but, since they represent 
solutions in eciuilibrium with the same solution a, they must be also in equi¬ 
librium with each other, giving rise to a tie-line be. There is now a triangular 
area abc representing three lifiuids and vapor in equilibrium at a fixed temper¬ 
ature; with these five restrictions the system is by rule invariant, or bettor said, 
isothermally invariant, and any comj)lex taken within the area nbc will separate 
into three coexistent litpiid phase.s of the compo.sition indicated by a, b, and c. 

If ternary systems are souglit, in which each of the three binary systems 
shows only partial miscibility, examples will not so readily occur to mind. 
As a matter of fact, however, some twelve or more cases have been noted and 
given more or less sttniy; most interesting arc the ternary alloy iron-zinc-lead * 
and the system succinic nitrile-water-ether,^ which latter Schreinemakers has 
studied exhaustively. In such instances, a three-liquid area such as is shown 
in Fig. 40 is sure to occur if the three binodal curves, can be brought to meet 
each other by raising or lowering the temperature. 

‘ Schreinomakers, Z. i)hvnk. Chein.. 20, 58G (1899). 

» Hill. /. Am, Soc., 44, U63 (1922). 

’ Timmermanna, Z. phyaiA;. Chem,, 58. 159 (1907). 

* Z. pkyaik. Ckem., 25. 545 (1898). 
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In the foregoing treatment a' series of arbitrarily chosen isothermal sections 
has been discussed. It will be seen that if a series of such sections for any 
system be placed in regular order, they would j)roduce a triangular prism, and 
the binodal curves represented in Figs, .‘bi to 40 would form the boundary 
surfaces of loaf-shaped volumes representing the concentration and temper¬ 
ature limits of the conjugate solutions. A line on '<uch a surface joining the 
plait-points k at the different temperatures would be a critical curve, terminat¬ 
ing at the point C of Fig. 11, on one of the binary surfaces. Such a line might, 
h(»wevcr, have its point of maximum temperature at a temperature bey«)nd the 
terminal point C of Fig. 11; in that case the maximum point would be in the 
Ulterior of the prism, and is called a ternary critical point. The development 
(if ternary systems with respect to the temperature axis will he taketi up in 
greater detail in the following section. 



I'n. .an. Ternary Svhtcin with T«o PiikkI.iI 
.Showing Three I/iuunl Pha^e>. 



Systems Consisting of Solid Phases, With a Single Liquid Phase: In order 
to visualize the relations that exist in ternary systems when .soii«l plui.ses are 
present, let us assume that we arc d(‘aling with three solid components at hoiiu? 
temperature sufficiently below their melting jxiints .so that they do not have 
any effect upon each other; and let ns also assume that th(^ solids show no 
tendency to form solid .solutions. If such a mixture of the three .solids is 
subjected to a rising temperature, it will go through a series of changes which 
have been shown .schematically in Fig. 41. 

At some temi>crature a liquid phase will appear, of a composilion represented by a in 
sketch I; this will be the tomperuture at uhich the- three solidn. the i« w liquid phase and the 
vapor are coexistent, and is therefore a quintuple point and nf cour8<j invariant; it is spoken 
of as the ternary eutectic point for the system. If now the temperature rifM-s further, the 
composition area in which the liquid can exist Hpreads to some such form as is marked L 
m sketch 11. At this higher temperature wc can no longer have all three solids in contact 
with the liquid, since we are aliovc the quintuple point, but a numl>er of different equilibria 
or phase complexes come into existence, as shown in the diagram. Any complex taken within 
the area obc will give only a liquid and its vapor, and is therefore isothennally bivariant. 
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Any complex x taken «thm the trimgk Aai will fflVe solid A and a liquid phase „f 
clpoLtiL on the lino ah at whioh the tie-line from Ax passes through oh; the s.v,„,, 
.onsisting ot solid, liquid and vapor, is isothermally univariant, and if any change in t[, 
amount of either B or C is made, the composition of the liquid phase which forme is at on.-i 
Hied, ns shown by the tie-linos. The same discussion applies to the two other triancl- 





B 



I'lo. 41. Ternary Systonw, with a Single Liquid Area 

Bac and Cdi. Finally there arc present throe triangular areas marked 1, 2 and 3; these 
represent isolhermallv invariant areas, within whioh any total complex will change into 
two solids and a liquid, ns represented by the vertices of the triangles, together of course 

with vapor. . , , V, iiii 

As the teiniierature is raised further, the system goes through a variety of changes (III 
to VIll) which reduce the number of equilibria one by one. In III the point a baa moved 
untU it touches the liase-line AB\ this is a temperature at which a binary liquid composed 
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of A B iain equilibrium the two solid components, and will be recognised at one* 
ns the eutectic for the binary system AB (point C. Fig. 14). In sketch IV, the liquid hM 
reached the binary eutectic for A and C at the point c. This extension of the liquid area 
Ij has. it will be seen, terminated successively the mvnnaut equilibria 1 and 2. At higher 
temperatures the liquid area has spread along AB (>ketch IV) and this movement is de¬ 
scribing the two solubility curves on the binary surface AB (lines CR and CM of Fig. 14). 
Ill sketch V the point a has reached the freezing point of .1. and the equilibrium of solid A, 
liquid and vapor shown as -4ac in sketch IV has disappeared. Sketch VI show's the liquid 
area reaching the binary eutectic for B and C at d, terminating the invariant equilibrium 8, 
and sketch VII shows that the freezing point of B has been reached. With increasing tem¬ 
perature the solubility curve cd rises until, when the freezing p«>int of C has been reached 
in sketch VIII. the system will give a liquid phase whatever composition is taken. It will 
be seen that the fixed temperatures in such a system consist of a sin-ile quintuple point (the 
ternary eutectic), of three binary eutectics and three fieczing points of components. 

Some of our best known ternary syt>toms lia\e i-^olherms like those shown in Fig. 41. 
I hus, for example. Schreinoinakers > found that the dd® inotherm for the system (NH 4 )»S 04 - 
NH 4 CI-HjO is exactly like sketch V, where .1 -tands for Htt>. B f»r NlhCl and C for 
(NHOiSOi- the solution c. saturated with re-peci to botli .•.alts, contains 17.0 i>er <‘ent of 
NH«C1 and 25.7 per cent of (NUdiSO*. while h. saturated with NH,C1 alone, contains 20.5 
I.er cent of that salt and c contains 44 per cent of (Xll.hSt),. Such a <liagram (V) wall m 
general cxpre.ss the relations of two salts in water at laboratory temperature, whi<'h is nlx.vo 
the mcUiiig point of ice, above tho eutectics fui water with each of the sails, and. of course, 
liclow tho eutectic for tho two salts alone. 


A simple extension of the tlioRram.s uf I'ig. 41 will siifiice for cases wliero two 
components form a compound, c.-illod a binary compound, or where all three 
unite to form a ternary compound. Tlie composition of any l)iniiry compound 
will be expressed by a point on one of tlie side,', of the triaunle, while tliut of 
a ternary compound will fall within the tiiaugic. 


Tho interesting system of l.i.mulh nitnU" nmer mil ntlord an exanu'le showmg 

ternary compound.,; a, previously ... tin. a .l.ree.,,„„pone,,t sy.sten, and >, dt^ 

grammed with Bi.O., N,0, and water a, the three eompo,htg. .12 shows 
the relationships as fottml by H.ttten atid x.an Item.■ for__2II_._ >‘W» 


temperuturo shows four lernury compo'iin 
The comjioMtion of each is gi\cn Wow. 


Point in 
I'lK 42 

II. . 

III, . 

IV. 


Composition 

Bi}Oi Ni()» 2H2O 
bisOi NiOt HiO 
BijOi dN'jOi lOHjO 
Hi;f)j 3Nj<)« 3HiO 


h w hi( h n rc miirked 1. 11. 111 and IV in 1 he figure, 
('onvcntiomil ronmihi 

HittNOi H»() (basic salt hydrate) 
Bi 50 (NOj)j(OH)j (basic salt hydrate) 
Bi'NOiU .'iIIiO {normal wilt hy<lratc) 
Bi(N<)j>i (normal salt hydrate) 


UwU,..'en.h„.e„ehot.h.esohdpha.,m 

hhriurXwilh : rolitTion .d'h-l ..... hy the triangles having 6, c, and 

" “wm' 2t"everal .M.e» of t-thertn. before it. w.ll not U d.ffieult to construct a 
pteture of the trtangular ^ The .mint 

d i,Th‘e :r.rv"entr m luntuple pomt, holow which all tni.ture. of the eomponent, 
can exUt only in the sohd state. The ... aa'l e ate the three l.tnary enteet.e. tor the 


‘ Z. phvEik. Chem., 69. 557 (!(««♦). 
• Z. anorg. Chem., 30. 342 (1902i. 



«s 


treatise on physical chemistry 


^ nua c / and g are the melting points of the three compr.r„.„,, 

•'n ' '■«urS» separate the region of solid phases below from the region cl !„fuid 
haji'almvii These surfaces represent a single solid phase (S for dffad, etc.) in equilihrium 
mih hV/uid. the lines orf, M and cd represent two solid phases rn equilibrium with l,q,„^, 
and the point d represents the three solids with liquid. If then we consider any liqinj „/ 
composition above the diagram as cooled down gradually, it will precipitate a single solnl 
li/jrtfie wherfl the iwopJeth passes into one of the surfaces, and as the temperature contintio- 
to drop, the composition of the remaining liquid must ijegin to vary along this surface a> 
more and more of the one component settle out, until a point is reached on one of the eutectic 
rijr\’es ad. />d or cd. Here a s<;oond solid will begin to precipitate and the composition and 




Fio. 42. The System ~ NjOj 
— HiO (Schcnmtic) 


Fu:. Ternary System 
Showing Ternary Kutcetic 


temperature of the solution will vary along the i-p^'fifie eutectic curve until fmally, at rf, the 
systoni Incomes invariant (throe solids, lifiuid and vapor) and no change in composition of 
the liquid occurs while it is .solidifying conqiletidy. It i> clear that a kiiowIe<lgc of such a 
conijdete diagram for n ternary alloy will enable the metallnrgi''l, to foretell in what order 
and fashion the three components will solidify from a given complex taken. Further, since 
the ternary euteetic is necessarily lower than all the binary eutf'cticn. it beoomes possible 
to contrive especial low melting alloys of three components; the following examples will 
illustrate the point. 

TABLE XXXII 


Ki:tk(‘ti{s im Tbrnary .\lpoys 


Pb - Hi - Sn ‘ 

Pb - Bi - Cd > 

M.P. of 

Binary 

I'ernary 

M.P. of 

Binary 

Ternary 

Component 

Eutectic 

Eutectic 

Component 

Eutectic 

Eutectic 

Pb - 325« 

Pb + Bi =■ 127® 

96® 

Pb - 320® 

i Pb + Cd - 245® 

92® 

Bi - 268® 

Bi + Sn “ 133® 


(’d - 320® 

Cd + Bi - 145® 


Sn - 232® 

Pb + Sn - 182® 


Bi - 270® 

Pb + Bi - 125® 



* Charpy, Compt. rend., 126, 1569 (1808). 

* Bartow. J. .4m. Chem. Soc.. 32. 1410 (1910). 
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Systems With Several Solid Phases and Several Liquid Phases: It is 
possible now, with the information gained in the previous two sections, to 
discuss any isotherm of any condensed system witliout bringing in any rela¬ 
tionships not already met with. Any isotherm will show only the following 
parts, which can all be found in P'igures 35 to 12: binodal curves, stdubility 
curves, and isothermally invariant triangles, which later may connect at their 
\ertices three solids (Fig. 41, I, two .volids and one liquid (Fig. 42,1, II, 

I,), two liquids and one solid (shown later in Fig. 44, Acd), or three liqui<U 
(Fig. 40, abc). Of course, the number of such etpiilibria at a given temper¬ 
ature may be either small or large, and tlie possibilities <if combinations are 
very many indeed and only a relatively small proportion of tlu'in have thms 
far l)een investigated. Two such cases will be sliown liere. 


Fir. 44 shows a fairly romnioii type of teniary ivithcrm orriirriau when two imUtially 
Niluhle li<iuals C and B are troato'l with a .miirN' nolul mIik li in soluhlo in ono of them 
und sparitiuly soluble in the second. Sucli a caM* will Is* more readily reeuKiu*<iI if the 
ii'iial lalwratory method of prcpariiiK it i> stated. If we ha\e a saluiated aipieous solution 
of -oiiic inorRanio salt, such as potasstuni fluoride in wafer, and ad<l ah-ohol tt» it, the alcoliol 
ut first passe.s into the li<iui<l plia-e, lait on confinm’il addition lin.-db tinc to a second 

iKpiid i>haso; the mutual solul)ilit> of the two liquids in each otiicr has Ixs-ii diminislied 
l)\ the pre.sence of tlie salt. Tlii‘ tiiaiinlc .l^(/ rcpie-eiii' the Milid salt in «‘i|uilil)nuni with 
‘‘olution eonsisliiiR of water with nioie or Ic's alcohol, aloiiu the solnbihiy curve hit. the 
tnaiiKle .. 4 «r in like fashion ro|ire»cnts tlie salt in e<iuilil>nuin with '■ohilioiiN chiefly nleoholie 
III 1(111101^. and since the soIulnlit\ of the salt in alcohol is U'Uidlv small, the point « is close 
to /V aiul the curve ac is .short The tnaiiRh* .led sliow v mi isoi h(Tmallv’ invariant eipiililiiinm 
of the two saturated solutions e and t/ in enntaet with -olid s.dt .1 Tlie eur\e ml is a binodal 
I'urve for the two liquid plni'Cs that are m e<|inlil>imm with each other, as sliown bv tlielie- 
hue-, and. flnall.y, the area liClMlirtt i- the are.a for tlie lii\anant solution, and shows tin* 
Inmt-s within which the three eomponeiils will foiin a sinirh' Inpiid solution. Such systems 
a- tlie aboye occur in the ori;aiin’ lalsnalorj m the fatiiiliar ‘iperafion of " saltniR out” «ino 
li'inid from another by a<ldilion of a properK <dio-eii -ah. I>\ addition of it to satiirnlion, 
tlie complex will fall in (he (riatiRh* -led. and. -ime (he -olution-c and d eaiiiiot. viir.v m 
loiiipo.sition at a fixed temperature-, it is oIakhi- that furtluT addition of salt after solid iihnse 
.ippe.ir- is of no elTeet. In addition to iiunieion- e.i-e- of tlie ahoye t y pe m yyhi'-h tie* isolherm 


A [Salt] 



(Alcohol) [Wafer] 

Fio. 44. The System, Aleohol-Watcr- 
Salt 


N 
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„ known ,,nnlitolively. a considerable number have been studied quantiUtively; the 
of I'Vankforfcr * and others gives excellent examples. 

Fig. 45 represents no such familiar type of isotherm as the preceding, but 
is selected to show that a large number of equilibria frequently come into being 
in ternary systems. Schreinemakers ’ found for the system water-ether- 
succinic nitrile that twelve different equilibria or phase complexes exist at 2° 
as shown in the figure and enumerated below: 

3 areas for 1 liquid pha.se (marked i,, Lt, LI) = bivariant, 

3 area.s for 2 liquid plnuses (efnirit, ghnint, cbninTj = univariant, 

3 areas for 1 solid + 1 liquid (Nae, Nfg, Nhd) = univariant, 

2 areas for 1 solid -f 2 liquids {Nfe, Ngh) = invariant, 

1 area for 3 liquids (uinini) = invariant. 

It will apiieiir that in such a Hyntem as this, if one took an amount of nitrile and ether 
roprosonted by thf point AT and added water to it at this temperature, the changes will be those 
ithown on a line running from to IK; there will be seven entirely different complexes obtained 
by the formation and disappearaneo of phases, which the student can tabulate by comparing 
the list of phases present in the first area Nhd with thoiro found in each area crossed successively 
by the lino. 

Space does not permit a discussion of the complete diagrams that have been 
worked out to show the effect of changing temperature upon complex ternary 
systems such as the foregoing. It will be apparent, however, that where the 
coexistence of three liquid phases is possible and where there are three solids 
possible (or more if binary or ternary compounds exist) as well as a vapor, a 
considerable number of quintuple points may be looked for at which five phases 
arc coexistent. The ternary eutectic shown in Fig. 43 is by no means the 
only point of fixed temperature found in ternary systems; wherever five phases 
are found to coexist, the temperature will remain perfectly stationary upon 
addition or subtraction of heat until one of the phases disappears. Where 
complete studies of ternary systems like that of Fig. 45 have been made, a 
considerable number of these fixed points have been met with; thus, the system 
silver perclilorate-water-bcnzcne “ shows six quintuple points, ranging from 
— 58.4° to -|- 42.1°, and eighteen monovariant equilibria. 

Many intcrosting examples of coiidtuisud ternury systems have been studied in detail, 
the system potassium chloride-magnesium chloride-water wns investigated by van't Hoff 
and Meyerhoflfer* as part of an extremely valuable research on the Stossfurt salt deposits; 
the system ferric ehlorido-hydrogen chloride-water * is of interest in showing the effect of 
the acid upon the concentrations in which the various hydrates of ferric chloride can exist. 
In addition to studios of condensed systems such as the foregoing, there has been much 
valuable work on ternary systems in which liquid phases are absent; the study of the system 
iron-carbon monoxide-carbon dioxide * has given much useful information relative to the 
typos of reaction occurring in the blast furnneo and in hydrogen manufacture. 

* Frankforter and Frary, J. Phya. CAm., 17, 402 (1013). Frankfortcr and Bell, J, Am. 
Cham. Soc., 3«. 1103 (1014). 

* Z. phyaik. Chem.. 25. 543 (1898). 

» HUl, J. Am, Chan. Soc., 44,1109 (1922), 

*Z. phyaik. Chem., 27, 75 (1898); 30, 80 (1899), 

* Rooieboom and Schreinemakers, Z. phyaik. Chem., IS, 588 (1894). 

* Baur and Glaessner, Z. phyaik. Chem., 43. 354 (1003). Chaudron, Ann. CAim., 16, 
221 (1921). Eastman and Evans, J. Am. Chem. Soe., 46, $88 (1924). 
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Indirect Analysis of Solid Phases: In the discussion of binary systems, it 
was pointed out that direct analysis of solid phases is beset with difficulties, 
and that it is usually necessary to resort 
to indirect analysis, thermal methods 
being the simplest. In condensed 
ternary systems thermal analysis is also 
possible, but it happens that other 
methods are available which are much 
simpler i n execution—indeed, m u c h 
simpler than for binary systems. Ban¬ 
croft ' has given the simplest exposition 
of tliis method, although it has also 
been isroposed by Schreincmakers and 
others. In Fig. 4G let ab be a portion 
of a solubility curve, and the problem 
be to determine whether the solid phase 
is pure B, some compound of A and B, 
or a ternary compound of A, B and C. 

I.et a complex z be made up by weight, hruualit to cjiiilibnimi uitb its saturated solution 
and the composition of the solution found by analysis to lie m. then, as iiointtsl out for other 
iyithcnniUly univariatit cqtliiibria. the tie-line raz and its i.rolotnalKm iinist eunneet the 
compositions of the liquid phase and the .solid pha-e. atid the soli,I itiust therehire lie soinowhere 
along tnz. Let the experiment be repealed aith a .second eoniidex r' aiving a solution m , 
by the same reasoning the solid falls u|ion the prolongation of tlie tie.line ta'z'. '1 he only 
eoniposition fulfilling both these reqiiireiuenls is that shoan by the intcrsrs-lion of the t«o 
lines, here shown as I>. and indicating that the solid lihase is a binary eoinixnind of A mid 
H and of the eoniposition D. If the solid phase were the pure eoiriiionent II. the two lie- 
lines would intersect at B; if it were a ternary eoiniioiind. they would intcrsei-t within the 
triangle, and if it were a solid solution of .1 and B. they would intersect at some lioint outside 
the triangle. The trial with a third tie line would distinguish lietweeii a ternary compoilild. 
where aU lines would intersect at a point within the triangle, and on the other hand a 
lemary solid solution, shown by the failure of the lines to iiilerseet at a single imiiit, the 
three intersections, however, would fall within the triangle 'I'he nielhod is as simple in Us 
experimental execution as it is straightforward in its logic. 


c 



A D B 


l-'io. 111 lndite,-t \nal\ SIS for .Solid 
111 :i 'I'cTnuo Systi-m 


SvsTKMS OF Four xnd Fivk Componu.m's 


For consideration of systems of more timii tlirec components, tlic rciiilcr is 
referred to the text-books on tbc pliase rule. Work on systems of four or more 
components is necessarily more difficult tliiiii on simpler systems, ami the 
graphical representation of results is necessarily more complicated; neverthe¬ 
less, a considerable amount of valuable work has been done on such sysW-ms, 
including the study of a number of reciprocal salt pairs in water,’ which is the 
convenient term for metathesis or double decomposition occurring in aqueous 
solution, and including such important technical reactions as the manufacture 


‘ J. Phy$. Cfiem.. 6. 178 (1902). 

* Meyerhoffpr and Saunders, Z. physik. 


Chem., 28. 4.53 (189ft): 31. 370 (1890). 
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of potassium nitrate from sodium nitrate' and the ammonia process for manu¬ 
facturing sodium bicarbonate.^ 

THK .SOLCBILITY OF SOLIDS IN LIQUIDS 

In the preceding section.s it has been shown that there exist two fundamental 
laws according to wliich tiic beliavior of heterogeneous systems can be classified 
—namely, the distribution law and the phase rule. While each of these laws 
has proved of great use, it will be noted that neither of them gives an answer 
to the most natural tpiestion which a heterogeneous system suggests, that is, 
what determines the extent to which one phase dissolves in another? This 
question has received no completely satisfactory answer from any source, but 
it is nevertheless true that by means of a number of laws of more limited scope 
than the distribution law and the phase rule, and by means of a number of 
theories, it is irossible to predict in many cases what the solubility of the one 
phase in the second will be and to calculate such solubilities with considerable 
accuracy. In this section attention will be given to such methods of study as 
have given these partial answers; and because of the marked difference in the 
behavior of non-electrolytes and electrolytes, the two classes will be treated 
separately. 

Solubility of Non-Electrolytes: It has been known for a very long time 
that substances which are closely related chemically will show marked solvent 
action upon each other, while those which arc dissimilar in constitution and 
chemical properties will ordinarily display much le.ss solubility. The time- 
honored rule, aimi/in simitihiis solvnninr, is an expression of this observation. 
When the advances in organic chemistry made it possible to determine the 
constitution of compounds, like and unlike came to have a more definite 
meaning, and the rule cai)able of a more definite application. A list of the 
commoner classes of organic compounds on the basis of their chemical rela¬ 
tionship follows; ’ any compounds occurring in classes adjacent to each other 
will, according to the rule, show high mutual solubility, while a wide displace¬ 
ment of twi> com|iounds in the table generally indicates low solubility. 


l ABLE X-\XIII 


or CoMl'OC.VDS U.S B.CSIS OF Chemkwl Relctionships 


('LM*>tlFI«’ATION 

(1) Wwter 

(2) Fatty Hculs 
3) Alcohols 

(4) Ketones 

(5) Aldehydes 
(0) NitriloH 
(7) Phenoln 

•Vyeda, Mem. Coll. Set.. Kyoto II, 24.5; 

Id. 1066 (1014). 


(«) Aroniutir aldehydes 
(0) Ethers 

(lU) Halogen*sul»<tituted hydrocarlx>na 

(11) Carbon disulfide 

(12) Aromatic hydrocarbons 

(13) Aliphatic hy<Irocarljona 

Reinders, Proc. K. Akad. WeteMchap. Anutcr. 


»Fodoticff. Z. physik. Chem., 49, 162 (1904). 

* Rothmund. Z. phj/aik. Chem., 26, 489 (1898). 



HETEROGENEOUS EQUILIBRIUM 


453 


In the qualitative application of this nile, it is iieressarv of course to bear in mind that 
the chemical character of a compound is determined not by a single group but by the whole 
,onstitution of its molecule, so that, for example, a fatty acid of high carisju content, lik<* 
palmitic acid, is to be viewed os a hydrocarlwn rather than an acid, and therefore is (juite 
insoluble in water but freely soluble in those classes of ronipoumls found further down in 
the list. 

A much more successful approach to the (juo.vtiou lias been made by way 
of the freezing-point laws. It has previously been shown in our discussion 
of phase-rule diagrams that a freezing-point curve is nothing more nor less 
than a solubility curve, since it indicates the composition of (he liiiuid pha'^e 
in equilibrium with the solid jihase at a given temperature and prcsstire. The 
law of Raoult, according to which the freezing point of any substance is de¬ 
pressed equally by equimolecular quantitii‘s of all substances, would give us a 
mathematical expression for the .solubility curve of any two substances if it 
were a law of universal applicability; but, as is well known, it is commonly 
ai>plied only over a small concentration range (wliich would mean for only a 
few degrees below the melting point of the pure solute), and is subject to limita¬ 
tions in many instances in which it i.s nece^sary to assume polymerization. 
Starting with the law of Raoult and studying the deviations of various sub¬ 
stances from that rule, Hildebrand ‘ and his co-workers and Mortimer - have 
evolved a treatment by. wliich .solubility may bo calculated in many instances 
with a fair approximation to accuracy. If Ibioult's law liolds for a givmi ca^c, 
the .solubility N of a given solid, expressed as a molar fraction, will be projior- 
P' 

lional to ") where P' is the partial iirc.ssurc of the solute and P the vapor 

pressure which the pure solute would show in liquiil form at that tempi'rature 
(a value obtained by extrapolation); since tlicM* two pre>surcs are relatctl by 
Raoult’s law, we may write 


P Ui -h i>7 


Now, the relationship of the partial jiressun* to the pressure of the pure 
solute P is expressed in the ('lausius-('Iapeyron equation 



__i5. + iL|„Kr + /, 

i.MT 1.9!) 


in which Lo is the molal heat of fusion of tin* s<»Iid at the absolute zero, i.s 
the difference in the siwcific heats per mol. of tlie Ii<piid and solid form, and I 
is an integration constant whose value is obtained by putting for 7 the melting 

P' 

point on the absolute scale, at which log-- — 0- 

' HUdebrand et ai., J. Am, Ckem. Hoc.. 38. 1452 (lOlOj; 39, 2297 (1917); 41, 1007 (1919), 
42. 2180 (1920): 43. 500, 2172 (1921); 45. 0K2 (1923): Phyn. Ret.. 20. 52 (1923). 

»y. Am. Chem. Soc., 44 . 1416 (1922): 45 . 633 (1923). 
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Following tho nbove argument, when a substance follows Raoult'a law in agiven solvent, 
its solubility can l)e calculated by the above formula; the curve for this equation, representing 
the change of solubility with the temperature, would be an ideal solubility curve. In practice 
however many substances diverge from this ideal curve very widely; Hildebrand ascribes 
these anomalies chiefly to inequalities in the internal pressure and to the polarity of the sulv 
stances, and deduces that non-polar substances having approximately equal internal pressure 
will obey KaouU's law and may have their solubility calculated by the above formula, whereas 
inequalities in internal pressure lead to positive deviations from the law. A list of various 
compounds, arranged in order of their internal pressures as calculated by various methods, 
is very similar to the list given in Table XXXIII based simply upon chemical relationships. 
Mortimer has shown how, ui a table of compounds thus arranged, a factor may be derived 
for any two compound.^ which, if introduced into the thermodynamical equation previously 
given, coinpensHtes for these deviations from Raoult’a law and gives an approximately correct 
figure for tho solubility. 

Solubility of Electrolytes in Water: The attempt to find a basis for calcu¬ 
lating the solubility of electrolytes in water has met with only a small degree 
of success. Abcgg and Bodlandcr ^ have evolved a theory according to which 
the solubility of a salt in water depends upon the electro-affinity of its ions, 
defining the electro-affinity as the energy change necessary to change an atom 
to an ion, not measured against a normal solution, as in the measurements of 
electromotive potential, but between an equal concentration of ions and atoms. 
The theory has had but limited applicability, giving a substantially correct 
order of solubility for such relatively insoluble salts ns the silver halides and 
similar salts of thallium. 

On the other hand, an extended and valuable theory has been evolved by 
which, taking tho solubility of a salt in water as given, the effect of a second 
salt in increasing or diminishing the solubility of the first can be calculated. 
As will be shown, this theory is adequate to give a qualitative measure of the 
solubility changes in all cases, and has been adopted almost universally in ex¬ 
plaining and predicting the results obtained in analytical practice; examined 
quantitatively, it will bo shown to be in general harmony with the experimental 
results, though in no case docs it give agreement within the limits of experi¬ 
mental error. The theory will therefore bo presented with tlie understanding 
that it consists of a series of principles which arc only approximately correct, 
and a discussion of their inherent error will follow. 

It has long been known that the presence of an excess of a precipitant (i.e., 
a salt having an ion in common with the precipitated compound) causes a 
depression in solubility, while the presence of any other salt brings about an 
increase in solubility. It was not however until the theory of electrolytic 
dissociation had been advanced by Arrhenius * that it became possible to ex¬ 
plain these well-known facts by means of an acceptable theory, Nernst ’ was 
the first to advance the principles upon which such an explanation can be built 
up, and they were clearly stated by A. A. Noyes ^ as follows: 

^ Bodl&nder, Z. phyaik. Chtm., 27, 55 (1898); Abegg and Bodl&ndcr, Z. anorg. Chan.^ 
20 . 453 (1899). 

* Z. phuaik. Chem., 1, 631 (1887). 

* Z. phyaik. 4. 372 (1889). 

* A. A. Noyes, Z. phyaik. Chfm., 6. 241 (1890). 
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1. " Id a saturated solutioD of a partially dissociated substanoo, the conceatration of the 
undiBKOciated part remains constant, even if another dissociated body is added.” This is 
the principle of the constant solubility of undisaooiated molecules or of the constant molecular 
♦.olubility, and is founded upon a plausible analogy to the behavior of a non-electrolyte; 
if a solution is saturated for example with sugar, the addition to the solution of some other 
compound such as salt should be without effect upon the solubility of the sugar, provided 
of course that there is not chemical interaction between the sugar and the salt and that the 
solutions are dilute; the principle is therefore similar to Dalton’s law of partial pressures 
for gases, as applied to dilute systems where there is no chemical interaction. 

2. The product of the active mas-ses of the ions of the substance with which the solution 
is saturated has a constant value. This is the principle of the constancy of the ion product, 
or, as it is more commonly known, the principle of the constancy of the solubility product. 
It can be shown that the two foregoing principles arc not independent, Imt that either one 
can be derived from the other by means of the concentratton law. If a salt .1/1 is undergoing 
reversible di.ssociation, the equilibrium is expressed as follows: 

+ 

.1/1. '-A + H. 


\ppl>dug the concentration law to this e^juilibriurn at ^a(u^atlo|l, we have 

r+ X 

('a,, 


: K. 


Now, if the first principle given alio\o ho accepted, tlie cnnc«'nlraiion of the undissociated 
inf)lecule''. ('ab- constant value, whence 


and 

X KK’ = K". 

A H 

Jh A third principle implied and used in the experinn-iifal work of Nernst, Noyes and alt 
others who have contrilnitcd to tlie theory i-s that mihic burn of dilution formula can ho 
written to express the di^tociation equilihrium of each of the electrolytes present in the 
solution. Such a dilution formula mu^t llC(•c.«^!^nly cxjircvs not men-ly tlio dissociation of 
the compound, but whatever effect (if any occiir.H) tlierc may !«• exerted upon it by the 
presence of other ions and other molecules wlii<-h do not enter intf> direct rheimcal action 
with the electrolyte in question. In the course of twenty-fivo years of experimental work 
on the.se solubility problems most of tlie dilution laws di'ena-ed in the chapter on electrolytic 
dissociation have been used at one time or anotlier, the siniple Dstwald ililulioii law* ha# 
been used (correctly applied of course only to weak electrolvt<'s). van't Hoff’s* formula 
has been used, and the later work has licen ilonc with the use of Haneroft s * formula modified 
by the isohydric principle of Arrhenius.* m. as to take into aoeoimt tlie effect of the molecule* 
and ions of the other compoumis present. 84ime form of dilution formula is eswnUal to 
every calculation, and it will at once be seen (h.it all <d the questions involving the accuracy 
of our methods of determining the degree of dissocmtioii of an eleetmlyle must also affect 
the theor>' by which wo calculate changes in solubility. 

The test of the accuracy of those tliroo .nlul.ility principles lies obviously 
iu determining whether we can correctly calculate the solubility of a given salt 

‘ Ostwald, Z. phytik. Chem.. 3, 170 

•van't Hoff, Z. pkyM. Chem., 18, SflO (ISM). 

* Bancroft, Z. phytik. Chem.. 31, 188 

* Arrhenius, Z. physik. Chem., 2, 284 (1888), 31. 107 (18!8t). 
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in the presence of known quantities of a second salt. The work of Nernst and 
of Noyes gives examples of this type of calculation. The mathematical diffi¬ 
culties arc least where the second salt has an ion in common with the saturating 
salt, since the number of molecular species present in the solution is then a 
minimum. Treating the case algebraically, let a solution be saturated with 
a salt AB and let a given amount (n) of a soluble salt CB be added; the equi¬ 
librium is 

AB + CB^A + 2B + C. 

The terms known and unknown may be tabulated as follows; 

Known Unknown 

ToUl Holuhility of All in pure water = mo f'onc. of molecular AB = a 

Total rone, of CB added - n Cone, of molecular CB = b 

Dilution constant for CB “ ks Cone, of A ions = A 

Molecular soluliility of d B = ka Conr. of B ions = B 

Solulullty proiluct of AB = k Cone, of C ions = C 

Total solubility of .tB =m 

To solve for m. the total solubility of the salt, sii eciuations can be written; the fir-t 
three arc buse<l on the fundamcutal assumption of the dissociation theory, that the total 
eoncentrulion of any electrolyte is that of its undissooiated molecules plus that of its ion-, 
the fourth is a dilution formula lor the salt CB, the filth expresses t he iirinriplc of the constani'S 
of molectilar .solubility atid the sixth that of the constant sohtbility prodttet. The equatioti- 
follow: 

(1) m - A + n, 

(2) m + ^ + ^. 

(:i) n » C + f>. 

C XB . 

(4) -^“ fcfr. 

(5) a - ka, 

(0) A XB k. 

The number of equations is sufficient for alKebniicul solution for m, but it 
has been usual to adopt the shorter methods of approximation. In the follow¬ 
ing table, showing results obtained by Noyes,* the values of ka, k and k, were 
taken from independent measurements of the electrical conductivity of the 
salts in question, and equation (4) was modified from the form given above 
(Ostwald’s dilution formula) to take into account the total concentrations of 
ail ions present (Arrhenius’s isuhydric principle). The rcsidts follow. 

T.tBLE XXXIV 

SoLUBiLiTX OF Salts in Presence of Salts with a Common Ion 
AuBKla with AkNOs and with KBrOs (24.5'’) 
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TICI wth TlNOj and with HCl 


Addition 

Solubility on Addition 
of TlNOi 

Solubility on Addition 
of HCl 

Solubility 

C'alculated 


.0161 

.0161 


i)02h3 

.00830 

.oo.s;ui 

.007S3 

no.’iOO 

.00571 

.00565 

.0050S 

II 1 piK 

.00332 

.00316 

.tHl253 

! OOOO . 

— 

.002(M1 



There is reasonable agreement between the ol)^e^^■od and the calculated le&iill'', altho\igh 
the deviation amounts in most (■a^es to several per o«‘nt. A nmrh clo'cr agreemejit l)etw(H‘n 
theory and practice is found when the saturatjug salt ha^ a \crv '‘mail Mihilalify, in stich 
ea-cs it is also possible to make additional u^sunlpfnm^ winch "implify wry greatly tin* 
process of calculation. Examples arc fmiml in cases of doiibh' decomposition in which two 
m-ohible salts are concerned, of which the following have been studied 

Tin + KCXS . ‘-TK'NS + K('l (Knujipfei M. 

PbE 4- Na*f;504 . * PbSO, f 2Xal (Fnidla\ »). 

Cat'Oj + KsCiOis • ( a(b()4 + Kjf’th tTooteb, 

2Ag(’l + 2Kt)H -Tt Ag:t) + 2Kn 1- M:(> (\o>es mu! Kolir’), 

BaCjO* + Cat'h v CaCjO, f IhiClj (Foote and Menge '■), 

PaCOj + Cnrii . : CaCOj 4- BaCl: (Fo<-te and Menge), 

BaF: + CaCh . ' CaF? -|- Hat'1: ( F..ote and Menge). 

AgCl 4- Kt’XS . i Agt'XS + Kt'l (Hill 

AgCXS 4- KBr . ^ AgHr T KCNS (Mill). 

AgBr4-KI , ^ Agl 4 KHr (Hill). 

In puch of these cases two quite insolublt' salts appt'ar. Reprc-seiitinff them 
by the symbols AH ami CB (for they have one imi in common in each case), 
the principle of the constant solubility ]tro<hict would give the following 
equations: 

O X Cn ~ A’l, 

(\: X Ch Kt- 

Xow if the salts arc very insoluble, their conetMitralion mu-'t be very low, and 
we may therefore assume practically complete dissociation. On this assump¬ 
tion, it follows that the solubility of eacli of the salts (X, and S^), expressed in 
equivalents, is equal to the concentration of either of its ions, whence it follows 
that 

Ca X Cii = Xib 
Cc X Cb = 

* Z. physik. Chem., 26, 2.'>5 (I80S). 

*Jbid., 34 . 407 (1900). 

*/6u/.. 33. 740 (1900). 

‘ Ibid., 42 . 330 (1902). J. Am. Chfm. Soc., 24 . 1141 (1902). 

‘ Am. Chem. J., 35, 432 (1906). 

« J. Am. Chem. Soc., 30 . 68 (1908). 



4.58 


A TREATISE Oil PHYSICAL CHEMISTRY 


Dividing these simultaneous equations by each other, we obtain 
Cc W ’ 

the ratio of the concentrations of those ions which are not common to both salts 
is the ratio of the squares of the solubilities of the two salts. From this inter¬ 
esting relationship it becomes possible to calculate the concentrations of ion.s 
which can be in equilibrium with two such salts, or, having determined the 
concentrations of the ions by analysis, to calculate the relative solubility of the 
two insoluble salts; such calculations have given values in good agreement 
with the experimental figures. 

If equilibria be considered in which the two salts present have no ion in common, the 
treatment is csHentially that used for the common ion elTect, extended so as to include the 
larger number of molecular Bi)ecie8 present. Let the relatively insoluble salt AB be treated 
in solution with a known amount of CD ; the equilibrium is 

AB i-CD^AD +Cli, 

and in the solution there nro four species of ions and four species »)f undissociated molecules; 
in addition to these eight unknowns, there is to be added the total solubility (m) of the salt 
AB which it is desired to calculate. The necessary nine equations are of the type previously 
outlined; four are simple linear eqiiations expressing m and n iu tenns of ionic and molecular 
concentrations, three are dilution formulas for the three salts CD, AD and CB, and the 
remaining two express the constancy of the solubility product A X B and the constancy of 
the molecular solubility. Using this ba.sis of calculation, it follows at once that any salt 
will have its solubility increased by the addition of any second salt possessing no ion in 
common; and that the increase in solubility will be greater when AD or CB is a weak com¬ 
pound (or when both are weak). Noyes ‘ has tested a nunil>cr of such cases with satisfactory 
results. The solubility of a salt of a weak acid in a solution of a strong acid is given in Table 
XXXV: this type of reaction has l)een found generally to give a fairly close agreement be¬ 
tween calculated and experimental results. 


TABLK XXXV 

S01.UIULITY OF SiLVKH Benzoate in NTtkic Acid 


Cone, of IINOi 

Solubility Found 

Solubility Calculated 

Verceutuge Difference 

0.00. 

0.01144 

_ 

— 

0.004435. 

0.01395 

0.01406 

+ 0.78 

0.008870. 

0.01698 

0.01703 

+ 0.20 

0.008915. 

0.01715 

0.01706 

-0.53 

0.01774. 

0.02324 

0.02390 

+ 2.76 

0.01783. 

0.02351 

0.02396 

+ 1.89 

0.02674. 

0.03071 

0.03159 

+ 2.79 


Critique of the Solubility Principles: Experimental work such as the fore¬ 
going has naturally led to a general adoption of the principles of Nernst and 
Noyes in disoussion of solubility relations, where they have proved of great 

' Noyes, Z. pHyaik. Cham., 27, 267 (1897); Noyes and Schwarti, ibid., 27, 279 (1898) 
J, Am, Cham. Soc., 20, 742 (1898); Noyes and Chapin, 20. 761 (1898). 
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\ ;iluc. It has appeared, however, in the course of later investigations that, 
«liilc the principles have usefulness, they arc far from being quantitatively 
exact. It was Arrhenius ‘ who first demonstrated that the principle of constant 
molecular solubility could not be rigorously maintained. It is a simple corol¬ 
lary of the principle that sufficient addition of a salt with an ion in common 
with the saturating salt may depress the ionic solubility (.1 of equation I) to a 
(|Uantity approaching zero, but the total solubility, by the same equation, 
should never become less than the molecular .solubility «. Arrhenius detected 
in some of the experimental work of Noyes a ease in which the total solubility 
had been depressed below this value by addition of a salt with a common ion, 
and on trial found that the same result could bo attaineil iu other cases as well; 
Table XXXVI shows the data for two out of several .silver salts upon addition 
of the corresponding sodium salt. 


Total 

.Solubility 

Ag-Butyrate 

Na Butjrate 
Added 

0.0224 

0 

0.0027 

0.493 1 


TABLE XXXVI 

Solubility of Silvlu Sm.is 

Molecular i ; N'a-Aoetato 


Molecular 

Soluliilily 


I 


O.OS'Jl 

0 on: 


I 


0 

II .'lO 


In the above exanij.le, it will be -e.-n (bat n.Wition (bo a..,l,nin salt on to alKiut If. 
normalilv has in each ease lowered ll.e total sob.btlilv of the silver salt to I™ Iha.i the »,li.. 

bUity of Ita tindissoeiatcl .. wh.eh of eoiirse h a iltreet iltsliroof of the nmieililo t.f 

tha eoiHtant molecular sohilalitv. It will l-e seen that tins ilemon.tral.on involvoa .... 
aasumptiona other than e„.iat.oti 1 t»l.i.h ra.it,..t l« atta.-h.sl witb.iut .leioti.s the ,al 
taliditv of the whole theory of eh.ctrolyt.e .lissoeiat.oiil, aiel as a Ma.oi..l .isauti.liUo.t that 

the value of the molecular ,s..liil.ihtt .3 as Itivei, by niea-.ir.-.i.e.its ..f ..tit.-al .■o.i.It.e ivity. 

Should these latter figures be ... error, however, l.v any .ii,i,l,Tate atiioui.t ,.nlv. the cnittlslol. 
of Arrheniue would neverthele.ss be valt.l namely, that the .i.ol..e..lar aolulal.ty ta m.t a 
constant. It is therefore inii.o«s.l.le to maintain the i.ee.ir.iey of Nern-ts l.r» iiril.e.iili- ... 
the face of this evidence, although it ha doubtless true .bat the .leereas.. ... the molecular 
.solubility is not great where the eoneentratioii of the .-..eond .salt is ki'i.t small. 

At a later date it was shown that Neribst’s second principle, that of the 
constant solubility product, is also to be looked upon simply as .i first approxi¬ 
mation, and not as quantitatively true. The teats of this second principle 
have been made along two different lines and have led to different conclusions 
a.s to the direction in wliich the deviation from con.stancy occurs. 

Hill > found that in a limited number of instance, the treatment of a .aturat^ wtluli^ 
with addition, of a «cond ,alt having no ion in common with the first 
in (Kilnbility inatead of the inoreat* demanded by the theory. ‘If ,el, 

I* carried on nifficiently tar tm aa to permit a l.roccs. of rea».n...g like that uwd by Arrhenm, 

' Z. p/iunk. Chem., 31 . 197 ( 1899 ). 
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in hw demonstration of the untenability of the first solubility principle. The argument i. 
as follows: let the salts AB and CD (of which AB is the saturating salt) be in equilibriurii. 
and let A, B, C and D represent the four ionic concentrations and a, b, c and d the four molr<'. 
ular concentrations: 

AB +CD-!=^AD +CB. 
abed 

then, writing two cjiuations to represent the solubility m of AB at e<juilibrium, 

(1) m = ^ + a + c. 

(2) m - B a A- d, 

and by the principle of the constant solubility product, which is to l)e tested, 

(3) A XB = K. 

Multiplying (1) by (2) ainl extracting the fl(iuare root, 

(4) m = Va X B + X, 

where t is uw'd to indicate the various other terms, all of which have positive values; now 
substituting from (3), 

(.')) m = V A' + j; 

whic'h indicates that, on tho aHSunii)tion of the eonstajit solubility prodiu’f, the total sfjlubility 
can never be less than tho value VA'. In Table XXXVII are shown cases which were tested. 

TABLK XXXVII 


Sf>Lt:uiLiTy IN Milli-equivalents per Liter 


Cone, of Sol¬ 
uble Electro¬ 
lyte Added 

AgDrOj in 
HCjHjOj 

(CH,)tNI 
in KOII 

(CH,),NI 
in NH«()H 

TICI in 
HC'jHjOj 

PbCIi in 
HCjHjOj 

0.00 N . 

H.26tlH 

262 . 2 s 

262.28 

10.085 

77.53 

0.20 N . 

S.M.'il 

2.*)2.(M) 

261.K 

1.').82 

77.03 

0.50 .V. 

7.90-11 

237.7 

261.5 

15.29 

73.40 

l.OO.V. 

7.6302 

204.G 

2(M).6 

14.73 

67.00 

2.00 N . 

6.7r> 

i:i9.4 

258.8 

13.03 

54.30 

3.6H A ... . 

— 

— 

— 


37.88 

V.t« .... 

7.7:1 

167.H 

167.8 

14.32 

42.50 


In four of those fivo cases tho total solubility has become loss, upon addition of a soluble 
electrolyte, than the value Va*, and it is therefore clear that not only has the solubility 
pniduct varied in its value, but that it has l>een decreasing with an increase in the total 
concentration. While tho conclusion docs not seem to be open to criticism for the cases 
given, it cannot of course be proven that the variation in the solubility product is always 
in this direction. 

Taking the more usual cases in which the total solubility increases upon 
addition of the second electrolyte, Noyes, Bray, Harkins and others' have 

’ Noyes and Bray, J. Am. Chem. Soc.y 33,1643 (1911); Noyes, Boggs, Farrell and Stewart, 
fhid., 33, 1050 (1911): Bray and Winninghoff, «bui.. 33, 1663 (1911); Bray, ibtd., 33, 1673 
(1911); Harkins, ibid., 33, 1807 (1011); Harkins and Winninghoff, ibid., 33, 1827 (1911); 
Harkins, ibid., 33. 1836 (1011). 
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likewise deduced that the solubility product varies but that there is an increase 
Its value with increasing total concentration. In testing the principle for 
a large number of typical cases, eight equations have been used, of which four 
.lefine the concentrations of the two salts taken in terms of their molecules and 
iniis, and the remaining four are dilution formulas modihed in accordance with 
\,rhenius’.s isohydric principles. Taking the solubilitv found as a known 
term, there are therefore only eight unknowns-tho concentrations of the four 

. I'™'"'' conipoii'ids and of the four ions, and the number of eiinalions is 

siitlieient therefore for a calculation of all concentrations, from which con- 
clnsioms can be drawn both as to the solubility product and as to the nndccular 
.-oinbility. Measurements of the electrical condnelivilv of the .solutions at 
equilibrium were in good agreement with the conductivity calculated from the 
ionic concentrations found. Cases where common ions arc present reipiired 
a smaller number of equations, and were treated by the same method. The 
mMilts for one such case follow. 


TAHI.H XXWlll 

SOLUBIMTY OF TICl I.V K('l SoU'TKtNS IN MlI.I.I h.yi IVU.KNTS Vi.\{ I.m.K 


.Uided 

K(’l 

Total Solubility 
of TK'I 

+ 

(’one. K 

(’one. Tl 

- 

(‘uiic. Cl 

(’mic. 

K('l 

TICl 

0.0 .. 

10.07 

0.0 

14 .32 

14 32 

0 0 

1.755 

2o.O . . 

8.69 

22.58 

7 30 

29 S8 

2 12 

1.390 

.)l).0 . . 

5.90 

44.1.5 

4.70 

4h.S.) 

5 So 

1 201 

100 0 ... 

3.96 

85.5 

2.90 

S8 40 

14 5 

i.otu 

200.0 . 

2.68 

164.8 

1.71 

11)6 51 

35.2 

0.91 


Tl X ('I 

21S.1 

250.a 

21M).() 


Thp figures of the seventh coluniii show Ihiit tlie iuolfi ijl.tr foi-i'entralioii of «in<li«rtofiutn| 
IK’I decreases with increasing total concentration, ns iirf\ioiis|\ >liown li\ ,\rrhciiins, winlf 
the last columu shows that the Hilululitj prodnet i' ftir ftoiu a fonslant, and iiifreaw's in 
'alue with increasing total concentration, similar ifwiilts wt ri* foiiiitl for ti large huiiiImt of 
'awes. It ima pointed out. liowevcr,' tluii lint roiiflu-ion iismiiiicn tin* 4jiiiinliliitiM> 
Validity of the dilution formula used m tlic i-alfulationw. ainl tliat with nullicifnt. change in 
'he flilutiou formula used the solulnlity priMlnfi may In' falfiilaied as cither increasing, 
decreasing or remaining constant with cllaIlgc^ in ilic loial eoiicentration. Until certainly 
'ail Ik! arrived at with respect 0) the formula expiew^ing the clmnge of lonizalion of a single 
'alt with changes of concentration, it i'- clear that c,»Uulations li:ibe<| iipfiii such a formula 
are open to the possibility of error. 

It appears from the foregoing tlmt tlio Hilultility principles of \criist may 
properly be used only as first approximatuuis, with which restriction, however, 
they are extremely useful. The moleciihir .sfjhibility has been shown to be 
no true constant, but to decrease with the total concentration present; the 
solubility product is no true constant, but decreases or increases with the 
concentration, jmssibly dependent on the nalure of tlie substances; and the 
dilution formulas, as shown in the chapter oti electrolytic dis.sociation, are 

' Hill. J. Am. Chrm. Sof.. 39. 230 (1917). 
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doubtleBS far (rom telling us the exact degree of dissociation of the electrolytes 
present. It should be kept in mind however that probably all three of these 
principles approach more nearly to the truth as the concentration of the solu¬ 
tions heoomes extremely small, and that probably our calculations for the 
solubility of very insoluble salts in presence of small amounts of a second elec¬ 
trolyte are quite close to the truth. 

Recently Brfinsted' has proposed a treatment of the solubility relations 
of electrolytes on a thermodynamical basis. The reader is referred for details 
to a later chapter (chapter XII) where the activity concept is developed. 


THE THERMODYNAMICS OF HETEROGENEOUS EQUILIBRIA' 

The position of equilibrium of a given process in one phase may be referred 
to that obtaining in another phase by application of the distribution law to the 
individual components of the process in the two phases. Consider the general 
case of a reaction proceeding in the vapor phase and simultaneously in the 
liquid condition. Let the reaction be generalized by the equation 

aA + bB = cC + dD. 


From the thermodynamic reasoning given in the preceding chapter the respec¬ 
tive equilibria in the two phases arc, in the gas [)hasc 

Kp 

and in the liquid phase 

Kx 

where P and X refer to the respective partial pressures and mol. fraction.*. 
The relations between the various quantities in the two equations arc connected 
by means of expressions, based upon the distribution law, of the form 

PX — k\XX) PB ~ kiXii‘, Pc — kiXc't Pd ~ k^Xo- 


Pa‘ X Pb'' 

Xc' X Xd-* 
Xs“ X~Xa‘’ 


It therefore follows that 


Kp 


k,’ X k,'‘ 

A Y-• 

X 


An example of this type has recently been studied by Edgar and Schuyler * 
in the esterification equilibrium. The equations given imply that the solution 
has the properties of a perfect solution. Where this does not hold the equations 
become more complex as outlined in the first section of this chapter. 

>BiOnsted, J. Am. Chwi. Soc., 42 , 761 (1020); ibid., 42 . 1478 (1020); ibid., 43 . 2266 
(1021); ibid., 44 . 877 (1022); ibid., 44 , 038 (1022). 

* Contributed by the Editor. 

*J. Am. Chtm. Soc.. 46 . 64 (1024). 
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Tlie equilibrium, Kx', in one solvent can similarly be related to the equi- 
iitnum, Kx, in another solvent by means of the partition coefficients of the 
ii-pective molecular species between the two solvents. 

Gas-Solid Equilibria: In the case of hcterof!cncous reactions, for example, 
between gases and solids, a knowledge of the saturated vapor pressure of the 
solid constituents enables one to refer the reaction to that taking place in the 
homogeneous gas phase. A simple typical heterogeneous reaction may bo 
Used by way of illustration, the oxidation of .sulphur to sulphur dioxide. This 
reaction may occur either ns a heterogeneous reaction between solid sulphur 
and oxygen or as a homogeneous process between sulphur vapor and oxygen. 
Tor the latter, it is evident that 


Kp = 


^SOt 

X /*oi 


In the heterogeneous system with solid sulphur continuously present it is 
apparent that the partial pressure of the suljihur will remain constant through¬ 
out the reaction process and be equal to the saturated vapor pressure of 
sulphur at the given temperature. The ei|nilil>ri\im constant of the hetero¬ 
geneous reaction will therefore be 

;> 

AV = . 

T(), X 7r„ 


or since Wg is constant at constant temperature, 

= Kp X TTg = Kp'. 

^ (h 


It is therefore evident tinit tho o<iiiilihriinn condition for lictorom'iioouK rcius 
tioiis, Kp\ can be deduced by inserfiiiK tlic partial i)r(".''Hrcs (cir concentrationR, 
activities, etc.) of the reactant^, prescuit only in the gaseous phase, in the mass 
action relationship. The solid phases jiroent iiillueiMM' tlie nuincrieal value of 
the equilibrium constant. 

The variation of this constant with temperature can similarly be associated 
with the variation of the equilibrium corivtant of tin* lioinogeneoii.s reaction 
with temperature. In the example cited 

, Kp (heterogeneous) 

Kp (homogeneous) = -- 


or 


Kp'v^t ~ Kp , 


Xow, from the discussion in the preceding chapter, 

djnK^ JL, 
dT ~ nr 
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and, from the Clapeyron-Clausius equation, 
dttlV ^ Xg 

~dT'~ 

where Xs is the latent heat of vaporization of solid sulphur. Hence, 

dlnKp-irg_ dlnKp' _ Qp — \b _ Qp' 
df dT RP 


The quantity, Qp', is the calorimetrically determined heat of reaction between 
solid sulphur and oxygen to form sulphur dioxide. The variation of Kp 
with temperature is similar to that obtaining in the homogeneous system. 
For short intervals of temperature over which Q' may be regarded as constant 
the integrated form may bo employed. 


In 


AV_Q7 r.-r. \ 

A',' R \ T.Ta ) 


If we express Qp, as in the preceding chapter, in terms of temperature by means 
of the equation 

Qp^Qo-qT- irr - yr, 

it follows that (see page 310) 


InKp = — + 2- InT + - - T + -- + ' 

RT R 2R GR 


+ C. 


Ill a similar manner, the vapor pressure may be expressed by an equation 

fairs = - — + -fnr + -™T +--r + ••• +0,, 

RT R 2R GR “ 

whence it follows that 


InKp' 

where 


+ -L+J inT + i '1+ ”■ T + 1 'l+i r- + 

RT R 2 R 6 ft 

C' = C + Cg. 


+ C', 


Reference to the preceding chapter will indicate the nature of the magnitudes, 
5 , r, s, • • •. They are the algebraic summations of the m, n, o terms in the 
equations for the specific heats of the respective substances. For example, 
when 

Cp ~ ia d" hT d- oT^ d" *' *, 

we have, in the homogeneous reaction under consideration. 


dQp 

dT 


= ACp = (mao, - >»s 


- mo,) d- ("so, - «3 - "o,)^ 


+ ("soj ~ 03 ~ Oq, ) T* d- • ■ ■. 
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whence 


Z™ = 9; L« = r; Y,o=s. 


Ill the expression 
In-Tg = 


for In iTj, given above the quantity 
"if 7' R 2 if 


T + --- +r„ 


where nig, Hg, etc., refer to the respective terms in the expression for the heat 
capacity of the gaseous form, nig', tig, etc., refer to the eorres|)on(ling quantities 
in the heat capacity of the solid substance, lienee, it follows that 


tiiKr — 


Qn - Xo , mao, - ” 0 . + >”s' j, 

RT if 


1 


, + "s' 


7’ + ■ • • + C' 


For a condensed system, solid or licpiid, m' is the heat capacity at the absolute 
zero, and is, therefore, equal to zero, as specific heat measurements at low 
temperatures have shown. The equation therefore becomes 

biKp' = — + ~^ lnT + ' 7' + • • • + C', 

RT if li 

where Qa is the heat of the heterogeneous reaction at 0° K. In seeking a 
general solution for such equations and for the corres|)onding eipiations for 
homogeneous eipiilibria, -Nernst suggested that the heat eaiiaeity of gaseous 
systems might be expresscal by an eipiation of the form 

C/. = <1 + 2(77’ + if = To + 2d7’ 

with a corresponding equation for condensed systems of the form 
[Cn] = 2(7'7’. 

This latter is certainly incorrect at low temperatures. In many case.s, however, 
the resulting equation for hiKp' has been of griait utility. 

InK/ = + Iel.7,-,/"7' + 7' + ’ ’ ’ + 

In its more usual form, as an approximatimi, tliis Rives 

|„gKV= % + Irl.7.-,logT + lK;, 

where the Z" ‘0 algebraic summation of the components, resultants 
positive, reactants negative, existing in the gaseous state alone, C to the 
integration constants of the vapor pressure equation, employing common log- 
16 
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arithms, for the substances existing only as gases in the reaction process, tln' 
so-called Conventional Chemical Constants of Nernst. 

The Nernst school has normally employed the approximation equation fnr 
homogeneous equilibria in the form 

log Kn = - + Erl.75 log T + ZrC, 

and, for heterogeneous equilibria, 

log Kp’ = - + JlfYIb log T + "EvC. 

In these cases Kp and Kp' are defined as is defined as the 

P (resultants) 

algebraic summation of the molecular coefficients of the gaseous constituents, 
reactants positive, resultants negative; ^vC is defined as the algebraic sum 
of the chemical Constants of the gaseous constituents, multiplied by the respec¬ 
tive molecular coefficients, reactants positive, resultants negative. Thus, in 
the reaction, 

CaO -1- CO- = CaCOj + Qp', 

log Kp' = log Pco, = - + 1.75 log T + Ccoy 


The following arc some of the principal values employed by Nern.st and his 
students for the conventional chemical constants. 


H,... 

...1.0 

HCl... 

...3.0 

N,... 

...2.0 

HBr... 

. ..3.2 

0 ,.... 

...2.8 

HI.... 

...3.4 

Cl,... 

...3.1 

CO.... 

.. .3.5 

Br,... 

...3.2 

CO,... 

. ..3.2 

I,.... 

...3.9 

NO... 

...3.5 


X 2 O... 

...3.3 

CH,... 

..2.8 

NH,... 

...3.3 

C,H... 

..2.0 

H,0... 

...3.0 

C.H,.. 

..2.8 

H.,S... 

...3.0 

C,H,.. 

..3.2 

CS,... 

...3.1 

C,H,.. 

..3.0 

SO,... 

...3.3 

CCI,... 

..3.4 


The Dissociation of Silver Oxide; This dissociation has been measured by 
Lewis * in the lower range of pressures and by Keyes and Kara * over a much 
wider range. The data have been used by Pollitzer • to illustrate the use of 
the Nerust equation with numerical data shown in the following equation: 


log Po, = 


13,13 0 
4.57 r 


-f 1.75 log T — 


0.0107' 

4.57 


+ 2 . 8 . 


The agreement with the data of Lewis is shown in the following table. 

> J. Am. Chtm. Soc., 2«, 139, 198 (1900). 

'J. Am. Chem. S<K.. 44 , 479 (1022). 

' Dio BoreohnuQK Chemisohen Affinittlten, Ahrens Sammlung, 17, 414 (1912). 
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TABLE XXXIX 


Foi (»““■) 

7’obi. 


20 .6.... 


567 

32.0_ 


594 

203.0- 


733 


Lewis and Randall ^ express the experimental data by means of the equation 

AF 7240 

~ - RlnK = - - 1.0/«r + 21.0.). 

T T 

Gas^Liquid Reactions: The consideration." jjiven in the preceding section 
apply equally well to systems in which the condensed j)hase i.s a litpiid. Here, 
also, the expression for Kp' contains (he partial pressures of those constituent.s 
which appear in the ga.seous j)hnsc only. Thus, in the reaction 

2}UOio) -f- SC/) - 2US(g) + SO.Cff), 

(he equilibrium constant 

A,,-- 

^ U:0 

Thi" reaction has been investigated l)y Kandall - at the boiling point of sulphur. 
The mean value for Kp' at T = 71S® K. nidi the partial pre.ssures expressed 
in atmospheres was 1.54 X 10"’. The c(*rresponding inagnitude 

AF 718 = — ItTlnKp' — 0240 cals. 

Equilibrium between a Solid and an Ideal Solution: The problem of equi- 
hl»rium between solids and solutions is (00 complex to be treated adeijuately 
at this stage. A comprehensive discussifui of ionization and of thermodynamio 
concentration in solution must precede such an undertaking. This is deferred 
to subseiiuent chapters. It is possible, however, to consiiler the equilibria 
existing between a solid and an ideal solution of this solid in a suitable solvent, 
^uoh an equilibrium is of course an equilibrium betueen a .solid phase and its 
saturated solution. The change of e(|uilibrium with temperature and pressure 
is actually the change of solubility with tbe>e two variables. It may also 
be regarded as the freezing point e(|uilil)rium of a hinary system whose con- 
"tituents form an ideal solution. 

The general equation for the variation of such an equilibrium with temiicr- 
ature is 

dlnXn _ hn 
dT 

where Xg represents the mol. fraction of the substance li In the binary system 
IR, Lb is the latent heat of fusion of B at the given temperature, the sub- 

• Therinodynamicfl, p. 481. McGraw-Hill (1923). 

* Dia*. (1912): Lewis and Randall. J. .4««. Chem. Hoc.. 40, 302 (1918); Thermodynamics, 
!■ 545. McGraw-HiU (1923). 
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stance B being that constituent whose pure crystals are in equilibrium with 
the solution. In ideal solutions there is no heat of mixing of liquids. For 
a small temperature range over which Lb may be regarded as constant tin- 
equation may be employed in the form 



The equation in this form has been employed by Schroder ’ with good agree- 
ment between calculation and experiment. The temperature of the melting 
point of the pure constituent B is chosen as the temperature T' since under 
these conditions Xb' is equal to unity. Agreement between calculated and 
experimental values for Lb becomes, in such cases, a criterion of ideality. 
Since, 


dL 

dT 


I^Cp, 


where ACp is the difference of the molal heat capacities of the substance in the 
liquid and crystalline states it follows that 

LBi.iT) = LBio) + ACp-AT, 

where Lb(o) is the molal heat of fusion at the freezing point of the pure sub¬ 
stance B. Under such circumstances, 

d^Xp _ Lnio) ~b ACp‘AT 

df ~ Rr- 


This is the general equation for the freezing point lowering of an ideal solution. 

This method has also been used by Washburn and Read' in the system- 
benzene-naphthalene, benzene-diphenyl and naphthalene-diphenyl to calculate 
eutectic temperatures. Excellent agreement between such calculations and 
experimental observations shows that these systems approach closely t" 
ideality. Johnston and his co-workers ’ have recently shown that the number 
of such ideal solutions is probably considerably greater than has been bithert" 
realized. They have shown, for example, that o-, m- and p-nitro-aniline- 
form, in pairs, ideal binary mixtures. Not only may the binary eutectics be 
calculated, but the ternary eutectic may be calculated thermodynamically. 
Exact agreement between calculated and experimental solubilities is obtained 
and between calculated and experimental values for the heats of fusion of the 
respective compounds. 

* Z. physik. Chem., 11, 449 (1893). 

» Proc, Nat, Acad. Sci., 1, 191 (1913). 

® Diss^'rtations. Yale University, 1923, 1924. 



CHAPTER X 


THE MEASXIRMENT OF ELECTRICAL ENERGY 

nv c. A. m i.KT'i', I’li.i).. 

Professor of Physicnl ('fu lui^fi//, Pniic Imi rniiti^ih/ 

All measurements of electrical energy are IrimmI on a fiindainental law 
discovered by Ohm in 1827. Ohm’s law states tliat (lie current in any circuit 
depends upon two variables, the voltafjo and the resistance of the circuit. 
The current has been found to be directly projiortional to th(‘ voltage and in¬ 
versely pro|)ortional to the resistance. It may be expres.'-cd alnehraically thus: 

r = 

Fvliaustivc e.xperiments have slioun that Ohm’s law holds ri^i*!!'’ for all classes 
of conductors, so that for the measurement of (dectrical (luantities it is only 
necc.'‘Sary to define the units and set up the .standanls. hrom the algebraic 
statement of the law it may be seen that tlie possession of any two of the three 
unit> defines the third. The units are based on tlie c g s. system and the electro¬ 
magnetic relations of the current 

The unit of resistance, the ohm, is leased on the e.g.s. system and tlie electni- 
inagnetic units, and was defined by the Klectrical Congress at Paris in ISHl 
a' the resistance of a column of mercury one mm. in cro*-s si'Ction and weighing 
14.4 gnis. at the melting point of ice. Ibidor sucli conditions the length of the 
column la about IOC.3 cm. 

Tlie resistance of a metal is very deeiileilly alTi'Cfed hy slight traces of im¬ 
purities and, as mercury may he more rigidly purified than other metals, it 
was chosen as the standard. Like all metals, it has a considerahle temperature 
eipefficient so that it lias been iu‘ee'".;iry (o (amtrol definitely the temperature at 
which the resistance is determined. 

Certain alloys liave been discovered wliich have practically no temperature 
Coefficient for ordinary ranges of temperature (manganin and Constantin). 
From these alloys practical resistances have been made and carefully standard¬ 
ized, or compared with the mercury olim in national bureaus of standards in 
France, Germany, England and the United States. We have, Uiercforc, most 
satisfactory and reliable working standanls of resistance. Xeithcr the unite 
of current, the ampere, nor of electromotive force, the volt, can be handled in 
this way. Each one of these units has given rise to a great deal of experimenta¬ 
tion and discussion as to accuracy and reproducibility. 

Both the ampere and the volt arc based upon another law aa fundamental 
as Ohm’s law, discovered by Faraday in 1833, which shows the relation between 
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the current and the amount of chemical reaction that takes place when a current 
passes from a first class, or purely metallic conductor, to a second class, or 
electrolytic conductor. 

Faraday’s Laws of Electrolysis: As a result of the electromagnetic proper¬ 
ties of the current, permitting adjustment by observation of the deflection of a 
galvanometer, it is possible to establish a constant and uniform current, which 
delivers exactly equal quantities of electricity in equal intervals of time. When 
such a current is passed through a suitable cell, it has been found to liberate 
exactly equal amounts of hydrogen in equal time intervals. This same relation 
holds for metals deposited from solutions or fused salts. From these fact> 
the first part of Faraday’s law may bo deduced, namely, that the amount of 
chemical action caused by the current is exactly proportional to the amount of 
electricity that passes in the circuit. Faraday called this instrument a “ volta- 
elcctrometer" or voltameter. 

The relation just outlined is not the only one discovered by Faraday; for, 
working with his volta-electroinoter in .scries with cells in which metals were 
deposited, he found that different amounts of the several metals were deposited 
for the same amount of electricity. For example: 57.9 gm. of tin were de- 
posited for (uie gram of hydrogen liberated in the voltameter. This is the equiv- 
^dcnt weight of tin. and the weights of the other metals deposited for one gram 
of hydrogen (the e(|uivulcnt weight of hydrogen) wore found to be the equiv¬ 
alent weights of the metals conctumed. These facts led to the second part of 
Faradays law -that one and tlie same current liberates equivalent ainount> 
of the elements, or prodiices c<iuivalent chemical changes at the electrodes, 

Faraday fixed his attention on the decomposition of water, taking the 
volume of tlu‘ gases ev(>lved as a measure of tlic amount of electricity that 
passed thnnigli Ids voltameter. Kxperienco has shown, however, that there 
are more suitable reactions for the purpose in view. For example, the weight 
of a metal (h*pusite«i from a solution maj’ be more precisely ilctermined than 
the volume of gus(!s lil)oriit(Ml by a current. Silver deposited from a suitable 
solution, on account of its large equivalent weight, 107.88 gram.s, and its ex¬ 
cellent physical quulitic's, has pr(ive<l to be particularly adapted to the measure- 
niont of (piantities of electricity. 

The Silver Coulometer: .\n exceptional amount re.seurch has been de¬ 
voted to the .silver voltameter, or coidoinhmeter.* The silver is usually depos¬ 
ited in a platinum bowl or cup from a silver nitrate solution, and the increase 
in weight of the dish due to the dejjosit of silver is determined. If the current 
used in dej)ositiug the silver is uniform niul tlic time it flowed is noted, then 
the strength of the current is readily obtained from the relation of coulombs 
to the weight of silver ilej>osited. In this way the coulometer becomes an am¬ 
meter. Due to the exceptional precision of electrical measurements, the 
coulometer has been subjected to searching investigations as to its reliability. 

* ('oulouibniPtor i.'< tho inatnonont tor m<‘uaurmn crmlombs, nnU thia name, proposed by 
Rioharde. seoiriH more suitable than the hhtorio term voltameter. The word is generally con¬ 
tracted to coulometer. 
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Faraday found that there were many secondary reactions at the electrodes 
wliich caused apparent exceptions to the exactness of his law, but exhaustive 
rc'^earch which has been carried out since 1833 has proved it to be one of the 
most if not the most exact of our laws. 

A very drastic test of the law as applied to different conductinR media was 
jierformed by Richards,* in which silver was deposited from a fused salt at 
2d0 decrees and by the same current from a salt solution at 20 degrees. Four 
experiments showed an agreement in tlie de)) 0 'its of one part in 22,500, or 
well within the limits of errors of the experiment. 

Helmholtz regarded polarization a.s a mo^t .''ensitivc test of electrolysis. 
The product.^ of eloct^olysi^ tend to recoml)inG ami form a counter current 
winch may be detected ami mea'^ured. Helmholtz found that he could detect 
It) that way the decompo.''ition of as little as I x 10 '" gms. of water. From 
experiments along this line we are ju'filied in concluding that no electricity 
can pa.ss from a first to a second cla'> cojidiictor without a rigidly ei|ui\alent 
chemical reaction occurring. 

(lenerally, a 15 percent solution of .'•ihor nitrate ha" been ummI in tin* bowl 
ft>r couhmieter work and in thi" "olution a piree of pure "il\er M'rves as an anode. 
Pure ."ilver docs not di>solve (piitc* com plot el\’ eh'ct rol> I ieall v so that a numlx'f 
<»f .small particles of silver d<‘taeh tlKmi'ohc' from tho anode, ami thus a certain 
aimnint of cxcec<lingly finely divided "ilviu-, or slime, is left. In order to keep 
this slime from the (h'posit in the bowl, Itavleigh n'commended (mclosing the 
anode in filter paper. This l)rought the "olution in contact with ct*l!uh*se and 
the (piestion arr)se of the pns"ii)le cfTect of filter paper on the weight of I lie 
depo"it (d)tainetl. This has received a great <leal <>f Jilteiition. 

d'he general result has been to direct :ttt<‘iiti<in to the purity of flu* electrolyte 
a" a means of securing reproducible re"ull". Uiehards and his co-workors, 
111 jiarticuhrr, have advoeatcrl surrounding the anode willi a cup of porous 
porcidain to retain the anode slime and to keep the anode licjuiil away from the 
cathode. They claim tliat the anode li(iuid cauM'd an abnormal result. 1 he.se 
effects have not been definitely ."cttled. All tlicse (piestioiis liave bom) exliaus- 
tivi'ly investigated by Smith, .Mather and I-owr\'.* 

.\iiotiier ([uestion which ha" n'ceneil a groat deal of attention is the 
amount and nature of the inclu"ioii" in the electrolytic silver. I'-vidently it 
has been shown that the di’po"itis nol pure "iher but contains small amounts 
of included water .and sil\(‘r mtrati*. llie amount would se<*m to be loss than 
0.01 percent. This qiie.'^tion ha" lieen imitieiilarly coiisideretl by Vinal and 
Hovard,-’’ who also point out that tiie luo^t accurate value for the absolute 
eicctrocliemical equivalent of silver ]' thal recoiiiuiended as the international 
standard, I.IISOO mg., making tlic value of the Faraday 

F 90,4114. 

‘ Proc. ..4m. .4carf. Arln Sn.. 38. 41.4 (laOJi. 

^Proc. Hoy. Soc.. 207, r>4a (IWIS). 

* J. .4m. Chem. .W.. 38. IW f 10)01 
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If tlio iiimiunt of the impurity were constant, it would not matter from tlif 
standpoint of measuring the quantity of electricity, hividently, from tln' 
exliaustive work of Smith, Mather ami Lowry (luc. cit.) it is possible to pn*. 
pare solutions of silver nitrate which yiehl deposits of silver reproducible lu 
mass to 1 or 2 parts per 100,000. 

The conclusions concerning the be.st method of conducting the deternuna- 
tion of current by means of the .silver coulometer are given by Rosa and Vinal.' 
The |)orous cup and the F. E. Sndth forms of voltameter are the most sati- 
factory. J'ilectrolyte of the highest possible purity is essential. If it is pure, the 
weight of deposit is inde|)endont of the size of the voltameter; if impure, it i- 
hirger with large voltameters (volume effect). The temircrature coefneiont i- 
zero. If the electrolyte is pure, the inclusions within the deposit average 0.001 
per cent of its weight. The proposed specifications arc in part: 

The olcctrolyto shall contain 10 to 'JO Kranis silver nitrate in 100 cc. of solution ami shall 
lx* free from organic tir other letluciiiK sulistanees ninl etillouN us shown (1) hy tO'-titijr wnh 
1 ee. of t).(H)l A'. KMnth adiietl to 10 ee. of tiO jter cent Ml\<‘r nitrate solution aculihi'd, iJ) 
hy yieldiiiK an unstriati'd (h'jiosit, (d) hy ah^'t'iice of the volume elTect. Silver nitrateisi>un- 
liotl hy crystullizalion from acid solutmn iukI fu-ioii. rcpcfitedlv, if iit'ct'-ssary. Thevoltam- 
e1(‘r should contain not less than “Ti cc. in the calliode cluiinhcr ami the concentration at tic 
xiiifacr of the cnthodi* -should not ho reduced dunmi; eh*ctrol\sis holovv ."> per cent. Tic 
4‘U‘ctrolyt<‘ shoiihl he neutral or hut slif'hib a<'id (1 part in 1,000,0<H)) as tested liy nicth>l red 
(t).2 jier cent in alcohol) or nxleosin (10 rtiK. per liter) in ethei, .after lemoval of the silver h\ 
neutral potas.sium chloiid<‘. d'he electrolj te nmst ho neiilial or .slitrlitly jicid at the end of the 
experiment. The anode should he of puie siKcp and is prcferal>l\ cf»ate<l with eh'ctrol>tc 
xiKer. It ahould ha%e ns laiKc an nclive area as the in'lrumeni jiermits. The current 
should 1)4' conistant and not niou‘ than I amp* re for not less than I hour, .\fter washing, the 
cathod*' howls -should lie drii'd at l.'itt® ('. 

Tho only oIIkt rmiloiiK'tor which has roccivod careful slioly is the iodine 
Cotiloinotor. 

The Iodine Coulometer: Washlnini and Hates - have shown that an iodine 
couloniider is capable of a rcitroducibility of 0 002 per cent for the iotliiie lib- 
crntcil at (ho anode in a potas.sitiin iodide solution. In adtlition, the iotline sur- 
roimdittK the I'athodi* in the pota.ssimii ioditlo Milution disappears. The change 
in the amount of iodine at either electrode may bo accurately measured by 
titration. It was shoun that the change in the amount of iodine at the anode 
and the cathode cheeked to within three parts in a lunulre<l thousand. This 
con.stitutes u unique check on the accuracy of the determination and the cor¬ 
rectness of the a.s.sumed electrocheinieal reactions. The ioiline coulometer U' 
used by Washburn and Hate> wa.s directly compared with the silver coulometer 
used at the Bureau of Standards at Wa>hington where so much exhaustive 
work has been tlone on the silver coulometer.^ The silver deposited in the 
coulometer was directly compared with the iodide liberated by the same 
current and measureil by titration, thus giving a direct comparison of the 
equivalent weights of iodine aml*sil\er, which, for these elements, should be 

‘ Bull. Bur. StamhniA, 13. -iTU ^U11«>). 

» J. Avi. Chan. Soc.. 34. l.l-ll (lOU). 

* J. .4m. Chan. Soc., 36, 910 0914), Bur. of Siandaids. Sci. J/5. 
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[lic ^iinie a? their atomic weiijhts. Tlio coulmiietiT compariMOi (jare the ratio 
,,i' -ilver to ioJine as 0.85017 while the best figure for the atomic weights by 
, ln-niical methods appears to be 0.84008. The differeiiee is well within ex|H‘ri- 
jiM'iital errors and constitutes a mo.st salisfautory agreement between chemical 
,,iiil electrochemical values. 

The Absolute Measurement of Current: .\ll of tin- gives only a precise and 
icprcidncible method of measuring a cinrent anil must lie compared with the 
\ line of the current in absolute ore gs. units From the electromagnetic action 
Ilf the current the following convention has been agreed npoir In a condnetor 
I.MC eni. of which is in the form of an are of one em radius, the current wineb 
piodnees a force of one dyne on a unit magnetic pole at the center of tins arc 
I- detined as the electromagnetic unit of current. For practical purposes this 
is too large a unit, .so the ainjiere commonly used is one tenth of the(dectromag- 

iieticnnit. 

,V condnetor carrying a current behaics as a magnet If two coils in tiie 

foini of helices are arranged co-a\ially. a ..it passing Ihrongb them in 

-cues causes them to act on each other with a foice whieb m.av be calculated 
in absolute or e.g.s. units, from a Knowledge of the dimensions of the eoii.s 
tinil the current ein|iloyed. Or. if we Know the loice and the dimensions of the 

cod', the current may be calculated. If one end is Used and Iheolbersii'i.ded 

fioin the beam of a iialanee. the force due to a gi\en cinrent may be ... 

oi graritational units. Such a cinient weigher has I.. eoiislrneted by .\\ rton, 

Mather and Smith.' The following extracts from then paper will indicate the 
hi-torical develo|iment and the use of thi' nisirunient 

current can be measured absolutely in the eleclromagnetic ... 

units eitber bv means of the action of the eui lent on a magnet or of the current 
on a current. The former method has (he disacKantage that at heist two in¬ 
dependent measiironients aie necessary For e-iiiiple, in using an eh-ctro- 
iiiagnetic balance, the strength of (he magnet acted on by the electric cireint 
has to be determined, as well as the force exerted on the magnet by the circuit. 
Ill gahanometers, eitber of the sine oi tangent type, the magnetic held pro¬ 
duced by the electric circuit i- comp.ired with the earth's horis.ontal liehl the 
strength of which is determined independently. Further, as the strength of 

aitdicial magnets cannot be regarded a- truly constant, and I.artb s held 

I' subject to diurnal and secular x aiiations, tins cltiss of nn .isiiri.iin n is no 

In the electrodvnainic class of measiiieinent the mutual action between 
two or more coils carrying current take- the form of a tor.|ne, as in clectro- 
dx namometers, or a direct force, as in current weighers. In electrodynainoine- 

lers, the torque may be measured with a bddar ... the torsion of a 

wire or spring, or by means of a gravity balance, (.'iirrent weigher measnre- 
nients are almost always made by direct comparison with gravity, which l.s 
believed to be constant, and is known to a higher degree of accuracy than the 
Strengths of any magnet or magnetic field that has yet been measured. 

’ PriK. Roy .SV . 207. •!« 
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Shortly after the absolute system of units was devised by Gauss and Weber 
in 1832, A. Becqucrel weighed the attraction between a coil and a magnet; and 
two years later Lena and Jacob used and modified Becquerel’s balance by 
arranging a coil and magnet at each end of the beam. In 1840 W. Weber 
determined the electrochemical equivalent of water, using the tangent gal¬ 
vanometer ns his instrument for measuring current; and in 1843 similar meas¬ 
urements were made by Bunsen and by Casselmann, followed in 1851 by Joule. 

Meanwhile W. Weber had, in 1846, invented his two forms of electro- 
dynamometer, one with the suspended coil inside, and the other with this coil 
outside the fixed coil, and he measured the torque with bifilar and unifilar 
suspensions. 

The first current weigher appears to have been constructed by Cazin in 
1803. In 1864 Joule made a current weigher having three circular flat coils 
wound with copper strip, one being suspended from a balance, so that its mean 
plane, which was horizontal, was midway between those of the other tw'O fixed 
coils. This instrument had the correction to its principal constant determined 
by comparison with a standard tangent galvanometer, and was employed in 
Joule’s electrical determination of the mechanical eipiivalent of heat. Its 
object was to enable a coirstant current to be maintained through the calorim¬ 
eter, independent of variations in the earth's magnetic field. 

The subject attracted considerable attention from this time onward, as is 
evident from the researches of Latimer Clark,' Kohlrausch,' Mascart,’ Lord 
Kaylcigh * and Mrs. Sidgwick," Grav,* Pallet and Potiers,’ Hcydwciller,* Kahlc,* 
Jones and Ayrton.'" More recent determinations arc due to Paterson and 
Guthe" employing a torsion electrodynamometer and to Guthe'" (1906) 
using a modifieil Gray electrodynainonieter. 

The current balance of Ayrton, Mather and Smith may now be described. 

The in.strument consists of a very sensitive physical balance supporting a 
coil with vertical axis from each end of the beam, these coils hanging coaxially 
within fixed coils carried from the base of the balance. A diagrammatic 
sketch of the arrangement is shown in Pig. 1. 

Prom the diagram it will be seen that the current flows in opposite directions 
in the upper and lower parts of the outer coils. On tlie left-hand side of Fig. 1 
the current in the upper half of the cuter coils flows clockwise (looking from 
above) and in the lower half counter-clockwise, whilst in the left-hand suspended 

*Mny no, 1872; Phil T'ttoii . 1S71. Part I, 

^Pm- Hnri.. 170 (1873). 

^ Jour, dr Phys., (2) 1, KM) (18S2). 

*}i. A. Rrport, p. 445 (1882). 

^Phil. Tmm.. m. 411 (1884). 

^Phil. Moo.,22.mum). 

^ Jour, dc Phys., VI. 175, and IX, 381 (1890). 

» ir.Vd. .4»n.. 44 . 533 (1891). 

* H tVd. 59. 532 (1890). 

a. .4. Report, Bristol, 157 (1808), Jonr. Kite. Eng., 35, 12 (UH)o). 

" PhuH. Rrr., 7, 2.')7. 1898. 

Rn.. 9. 288, 1809. 
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coil the circulation is shown clockwise. The teiulency is, therefore, to lift the 
suspended coil SL It will also be seen that the outer coils on the right will 
tend to depress the suspended coil SR, so that the two sets of coils exert a 
clockwise torque on the beam. Thi^ torque is balanced by weights added to or 
taken from scale pans supported indcptuulentiy on the knife edges which carry 
the suspended coils, an arrangement which avoids displacement of the sus¬ 
pended coil.s when the weights arc jilaced <ir rcmove<l. 



All the coils are w'ound with bare wire im Imllow marble cylinders, Imving 
double-threade<l screw grooves cut on the >urfa(;es, into wliich .■'epnraln wire.-j 
are laid as shown in Fig. 2. In this figure one wire is imlicated liy two tliin lines, 
and the other is sliown thick. Tlie two wire', hereafter 
distinguished as N'o. 1 and Xo. 2, form two i-djacent 
helices wliich, in the use of tlie in'ti-nment, an-connec¬ 
ted in scries and act as one coil. 'I'hcv can, lm.vcv(‘r, 
be readily dh'^connected from each otlu*r and an insula¬ 
tion test made between (hem. This applii*' to eaeh 
of the six coils forming the current weigher, arrange¬ 
ments being made whereby the six No J wires may be 
connected together, the six Xo. 2 wires similarly 
grouped, and the in.sulation between adjaeent wire> of 
the whole instrument tested .'imnltaneoiisly. Any leakage between the two 
adjacent helicc.s can thus be rea^lily detected and localized ami nunedied. 

Each of the fixed cylindcr> carries four helices, two upper and two lower, 
and each suspended cylinder two. Tliere an; (lierofore twelve helices in all, 
and these are connected in series, in the lairmal use of the current weigiier, by 
means of small concentric cable.s running to a plug board and commutators 
outside the balance ca.se. Flexible connocti^ms arc use<l as leads and returns to 
and from the suspended coil*?. The commutators enable the direction of the 
current in any coil to be cluuiged at will. By reversing the current in the coils 
on the fixed cylinders the forces between the fixed and suspended coils are 
reversed, and the apparent change of weight thus produced is a measure of the 
square of the current used. 





I m 2. of 

WitiUmK <'oiIh 
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The same current weigher was used by Smith, Mather and Lowry in their 
exhaustive investigation of the silver voltameter. They were thus able to 
measure their current in absolute units and concluded that their measurements 
and results were reliable to 2 parts in 100,000. They found that the ampere 
current deposited .00111827 gram of silver in one second. This is the amount 
of silver deposited by a coulomb—an ampere per second. Now, if we divide 

107 88 

the etpiivideut weight of silver by their figure, = 96,471 coulombs 

. 0 () 11182 / 

per Kruni ociuivalcnt, which wt)ul<l be the same for the ccpiivalont of any ele¬ 
ment or f(>r any chemical reaction. This (piantity is a funclamontal constant 
of electrochemical action and is known as the Faraday. 

(lUthe (lor. rit.) summarizes the theory of the use of the olectrodynamom- 
eter in tli(!se w<»rds: “ As was first pointed out by Gray the expression for 
the tor(}ue between the two coils of an electnalynamomcter assumes a simple 
form if the dimeiusions of both coils are chosen so that the length and the radius 
are in the proportion 3 : 1, if their (amters coincide and, finally, if the dimen-'ions 
of the fixed coil are largo in comparison with those of the movable coil. Under 
these conditions the expression for the toiapio between the two coils with their 
a.xes at right angles to each other becomes 


T = 


4Tr‘\nr" 


where N and v are the nund)er of turns in the stationary and movable coih. 
I) and L the diaunder and length of the stationary, r the radiu.'' of the movable 
coil, and / the current, expressed in e.g.s. units.’' 

Previously many determinations of the current have been made in abM)lute 
units anil expressed in weight of silver per eoulomb. 
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These determinations were made by the use of the tangent galvanometer 
and tlie electrodynamometer. U appears therefore that our knowledge of the 
current in absolute units is satisfactorily known. 

The Measurement of Electromotive Force: (’ongresses have defined the 
ampere as that unvarying current which deposits 0.001118 gram of silver per 
second in a coulomcter of definite specifications. A perusal of the work done 
on the coulomb indicates tliat, for high precision, one must use exceptional 
facilities and great experimental ability. Attempts have therefore been made 
to develop units of electromotive force and with somewhat more favorable 
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result? from the standpoint of practical meaMirements, since standard cells 
mav be constructed which are satisfactorily reproducible. A voltaic cell is a 
condiination of metallic conductors or electrodes joined by an electrolyte and 
the possible reactions at the junctions of the electrolvie and metallic conductors 
furnish the electromotive force and the current I’rom the standpoint of 
thermodynamics a definite chemical reaction should jrive a definite electro¬ 
motive foree to the cell. It is. howexer. not only the |)urely chemical reactions 
ivhich take place at the electrodes, lint all other chani'cs occurring that take 
part in the neneration of enrrent I'or example it would seem that two jier- 
fectlv pure jiieees of silver in a nniforin silxer nitrate solution slionid jrive zero 
jioteiitial and no eurrinit when joined (‘xternally. but this is not so, thoiijrli 
the chemical reaction' at the electrodi’s iiiii't he the same. It is irenerally 
found that two pieces of siher from the same pure sliver wire show an electro¬ 
motive foree when ojijiosod in an\ s|t\('r solntion Presuniahl.x'. tlieie are 

certain strains or physical differences which ..not for this, since annenhnjr 

the electrodes caii'Cs thi' (‘leetroinotne fori'e to diminish niarkedl.x'. Soft, 
metals show better ajireemeiit than lianl metals Ihire inerenrx eleeltodes 
show the best agreement, ami amalaanis are more satisfactory than metals in 
this resjiect In general a liipiid electro,le is necessarv where jirecisioii and 
reproducibilitv are required. 'I'lie ohl Daniell cell, amaliranialed zinc in zinc 
sulphate, eoliper sul|ihale, cojijier, 

Zn lie ZiiSII, aq t'liStl, a,].'I'll, 

was lone a workine .standar,l, hut it 'lid not have the eoiislancv or nqiroilnei- 
hilitv demanded by the jireeision po-ilile in electrical measnreinenis A 
much more repro.Incible and constant ell was jirojiosed by l.alimer I'lark iii 

1S7'2. The I'lark cell was ... of a neealixe jiole coiisislme of an ainalea- 

niated zinc electrode in a saturated zinc sulphate ..ami. for the jai.sltivi- 

Jiole, mercury covereil xxitli merenrons snljihale in /.me suljiliale si,|u|ion. The 
meiciiry constitutes a liqiii.l electro.le. and the zinc amaleam is also essenliallv 
a liijuni electrode 'I'hiis. nianx sonies "f irr.'enlarily were elimnialed. This 
cell gave a voltage of I i:« xolt' at I.") degiecs, but ,liminis|ie,l bv about It.lHtl 
xoll jier degree hetxveen l.'i and X, ,li'gre,.s \ rigi.l lenqieraliire control was 
therefore necessarv. K.lxxard Weston iii bslfj found that, by reiilacing zinc 
bv cadmium throughout, a cell wa-oblaincl with a teiiqieraliire coefficient only 
aiioiit one thirtieth of that of the Clark .-ell In fact, by rejilacing the erysUls 
of cadiiiium .suljihate ami the salnrate.l .solution by an iinsatnrated solution 
of cadmium sulphate of a definite strength, an iiiisatnrale.l cell of jiractically 
no temiierature coefficient for ordinarx leniperalnres was obtained. While 
thi.s cell has not the rejirodncibilitv of the saturated cell, it is reasonably con¬ 
stant and may be calibrated and thus conqiare.l xvitli manganin resistances as 
a w'orking standard. 

I,ike the coulometer, the standanl cell has received a great deal of attention. 
The investigations have shown that the materials used in the cell and their 
assembling need verv precise sjiecificalions In the Clark cell the negative 
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electrode seems to be perfectly reproducible and constant. Zinc amalgam, 
amalgamated zinc and pure zinc all seem to have the same potential in the 
zinc sulphate solution,' A 10 per cent amalgam has generally been employcil 
with a fused-iri platinum wire as contact. Fig. 3 shows the usual form (or H 
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DiiiKrum of Wostoti Salunifctl C'lidmium Cell 


cell) provided with suitable lead wires soldered to the fiised-iii platinum wires. 
This coll may be immersed in an oil bath where the temperature remains con¬ 
stant and can be rigidly controlled. 

Freshly prepared cells were ob.sorved to have a higher electromotive force 
than seasoned cells from the same materials. The trouble was found to be 
in the cathode or mercury leg of the cell. Zinc sulphate is a very stable and 
reproducible salt, but this is not so witli the mercurous sulphate used ti) cover 
the mercury as a depolarizer, for this salt readily hydrolyzes. In a.ssembling 
the cell it was customary to wash mercurous sulphate with water, mix with 
zinc .sulphate crystals and a saturated solution of zinc sulphate to form a 
paste. This procedure inevitably left some basic .salt in the depolarizer and 
it was this suit which was responsible for giving the cell its initial high value. 
The first attempt to exclude the basic salt in preparing the mercurous sulphate 
and to exclude it iu assembling the cell was made by C’ariiart and Iluictt.* 
Tliese precautions j)ermitted the con.struction of cells which showed their 
normal el(?ctromotive force immediately a definite tcmj)craturc was obtained. 
The cells also agreed among themselves to I part in 100,000. Kqually satis¬ 
factory results were obtained with the cailmium or Weston cell. 

The reproducibility of the standard cell invites a detailed con.sideration 
of the mechanism of the changes that take place in them when the current 
passes. In the Clark cell, the negative or zinc electrode is usually 10 per cent 
zinc amalgam which ie a two-phase elect roile, made up of zinc and saturated 
liquid amalgam which contains 2.22 per cent of zinc at 25°. It U this liquid 
amalgam which controls the potential of the electrode, as amalgams with less 
zinc give le.ss potential, according to the Xernst logarithmic relation.® Evi¬ 
dently the two-phase amalgam adjusts itself to equilibrium very rapidly and 

* See. however, Cohen amt von Cirininieker, Z. phu-^ik. Chem . 75. 

* Tram. Khetroehrm. StK., 5, oO (lOO-l) 

* Phys. Vhau., 14 . 158 ( 1010 ). 
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exactly on change of temperature; so, tlii> eleclmile is very reproducible and 
stable. The potential of the zinc electro<le also varies with the concentration 
of the zinc sulphate in the electrolyte, but bore again the solid zinc sulphate, 
ZnSOj.THiO maintains a saturated solution which also give.s a definite, re¬ 
producible concentration for each temperature Xor does it n|)pear that 
traces of impurities have a measurable effect on this electrical potential. The 
reaction that takes place on the pas-age of the current is the formation of 
ZnSO), and this is the main energy cli.uige in the cell. .\s will be sub.secpiently 
discussed, the ZnSO, formed changes to the hydrate Znrit)).7HjO. 

Jn the positive or cathode leg of the cell there is a .solution sattirated with 
respect to zinc sulphate and also with respect to mercurous sulphate in contact 
with the mercury electrode. The concentration of mercury ions in the electro¬ 
lyte seems to be the crmtrolling factor, .-o, attention has been directed to the 
purity of the mercurou.s sulphate which controls this concentration. The 
solubility is small, so that a slight variation in the purity or iiropertios of the 
mercurous sulphate makes a measurahle variation in the concentration of the 
mercury ions in the cathode leg and so in the voltage of the cell. 1 he reaction 
that takes place at this electrode on the pa-sage of the current is the decom¬ 
position of mercurous sulphate. A most |irecise and satisfactory insight into 
the workings of this cell has been formulated by means of a thermodynamical 
study.' tiince the voltage in absolute units and the temperature coolKciont 
are so accurately known, the Gibbs-Helinholtz relation is most suitably applied: 


where AH = the amount of heat energy idi-orheil, n - the valence and F = 

the Faraday. , ,. , , , ,, i 

In calculating the chemical ciiergv by the ii-e of this formula and the ob¬ 
served values of the cell a discrepancy of -oinc 4(K)I) cal. was found on as.sumiiig 
that the reactions were the formation of ZnSO. at the aiimle and the decom¬ 
position of Hg.SOi at the cathode. However, one must consider that the 
ZnSO. formed at the anode was aiihydroii- and would interact with the solu¬ 
tion, combining with the water to form ZiiSO, ril..0,an,l that removing vvater 

from the saturated solution would cause -on.. t he .salt to cry.stalhzc out. l oth 

these changes are accompanied by marked thermal changes. tVhen hose 
were determined and taken into account, the agreement hidweeii the oaloulated 
and observed values was most satisfactory, so that our knowledge of the re¬ 
action at the electrodes in this cell is quite complete. 

The Weston, or cadmium, cell is very similar to the Clark cell in many 
respects, but the cadmium amalgam used as the anode is not as simple as the 
zinc amalgam. It was found by liiji' and Paschen'to be a much more com¬ 
plicated system. Cadmium amalgams of bet ween .) and l.i per cent of cadmium 


' K. Cohen. Z. pkynk. Chrm.. 54. ' l'"«m 

'Z. phytik. Chen., 41. 641 (I'JOZ). 

■Z. (inorg. Chem., 36. 201 (llto'tl. 
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at ordinary temperatures consist of a liquid and a solid phase. The solid pha o 
is not cadmium, but an isomorphous mixture of cadmium and mercury, which, 
however, has a very definite composition for each temperature and yieids a 
very definite and reproducible liquid amalgam for any ordinary temperature. 
In fact, the potential of the usual 12 per cent cadmium amalgam against a 
saturated cadmium sulphate solution is most satisfactorily constant and repro¬ 
ducible. Tests on old cells which have changed in voltage have always shown 
that tlic amalgam potentials were entirely normal. The anode potential depends 
upon the concentration of mercury ion.s in a saturated cadmium sulphate solution 
surrounding the mercury anode and this has been found to be a complicated 
system. The main reactions in the Weston cell are the formation of CdSO, 
at the anode and the decomposition of the HgiSO, at the cathode, and the 
dilTcrenco in the heats of these two reactions furnishes the bulk of energy of 
the cell. Profiting from the experience with the Clark cell, one must consider 
that the anhydrous cadmium sulphate formed at the anode will remove water 
from the saturated cadmium sulphate s(dution and cause a cry.stallization of 
some (.'(1804.8/81120. Both of these changes are accomi)anied by measurable 
thermal changes and contribute to the energy of the cell. These heat reaction^ 
were taken into consideration by Cohen ' but even then the agreement between 
the sum of all these heat changes and the electrical energy was unsatisfactory. 
The calculations had been based on the heat of formation of cadmium sulphate 
from metallic cadmium. But, in the cell, the cadmium sulphate is formed from 
cadmium amalgam and it was shown that some energy is required to remove 
cadmium from the amalgam. For, the potential between cadmium and cad¬ 
mium amalgam opposed to each other in a cadmium sulphate solution is con¬ 
siderable. By using the potentiid of such a cell and its temperature coeliicient 
it was possible to idlow for this energy difference which was over .oOOO cal. 
The agreement between the thermal data and the electrical energy of the cell 
was then most satisfactory. Here again therefore the thermodynamic treid- 
ment has given a clear insight into all the changes that take place in the cell. 
In the Clark cell, the amalgam has the same iiotential against a zinc sulphate 
solution as has pure zinc, .so there is no correction needed for this factor in 
eidculating the energy of the Clark cell. 

Many other combinations have been con.sidered f(tr standards of electromo¬ 
tive force, but nothing has been found to conq)are in reproducibility or con¬ 
stancy with zinc or cadmium cells. It has been pointed out that metals in the 
solid state are not suitidrle for constant electrodes, so that mercury is pre¬ 
eminently fitted to be one of the electrodes m a .standard cell and a liquid amal¬ 
gam must form the other. In order to secure suflicient voltage, the base metal 
chosen must be as far removed as jrossible from mercury in the voltaic series. 
It should also exist only in one stable state of oxidatiom The metals that best 
satisfy these conditions are zinc and cadmium. The depolarizer which covers 
the mercury must be a salt of mercury. It should not have too great a solu¬ 
bility, and must be well defined physically and chemically, so as to yield a 

' Z. vhysik. C'tiem.. 34, 012 (1000). 
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rigidly definite concentration for eaeii teniporatnro. t)f tlie faults of mercury, 
mercurous sulphate seems mo^t nearly to meet theve re(juirements. If the 
depolarizer is a sulphate, the salt of the ha-^e metal w liioh furnislios tlie solution 
must also be a sulphate. It therefore appears that the choices are decidedly 
limited and it seems improbable that other combinations as suitable as the 
Clark or the cadmium cell will be found. The>e two oelb !m\e shown a re¬ 
producibility of one part in ten tliousuu! and tlioie some evidenee to slmw* 
that the Clark cell i.s the more constant (»f the tw(). Tlie eadmiiim cell has 
>hown more tendency to change with time, >ome eell.N of every set deereasing 
to low values and becoming iise)e>s a•^ slamlard^. An extended investigation* 
of this phenomenon showed that ■*ome eliemical cliange. probably a slow liy- 
droiysis of the morcurou-sulphate, takes place in the cmimmm sulphate solu¬ 
tion. It a])])ears to be a v<‘ry slow reactit>n, tliough proliably mon* rajiid at 
the mercury electrode and surfaces. The evscuiial fact.s are that if the content 
of the catluKle system of the cell, Hg.-SO,. hydrat(“tl cadmium sulphaP*, satu¬ 
rated solution and mercury, lx* thoroughly vtirred, the voltage of tlie cell 
increases by about two millivolt^. If the soliiU are now allowed to settle on 
the mercury electrode, the voltagi* of the cell tleeri'a-e- -lowly with lime, but 
does not stop at the value nrdiiiarilv obtained for tin* cailmium c<‘IN, but de¬ 
creases to much lower value- The Clark erll -eem- to lie ijuip* free from tlie.se 
defects, It therefore seem- probable that e.idiuimii -ulpliale -lowly livdrolyzes 
tlio mercurous >ulphate ami <M|uiIii)iiiim i- no! obtaimai in tin* ealliode sy-tem 
of the cell. However, a set of i-adinmin -ulpliale cell- made willi proper pre¬ 
cautions sliould agree to om' or I wo part- in 11)0.01)0, and many ol these 
remain eolistant for vear- It i- nece—aiv to make new -el- at intervals as a 
check on the ohl cell- More woik i- neiilrd to di-eo\er the ev.act nature of 
(he changes whicli (ak(‘ plaet*. A ('lark cell while free fnmi (he-e defeel> has 
a mucli greater tem|)eraturc coellicn-nt and the cell -hows a tendency for (lie 
glass to crack wln'n* tla* platinum haul wire- an- -ealed in to make contact 
with the zinc amalgam Tin- crackini.' i- pie-nmal>l\ due to an alloying of 
zinc with platninni, ii'siilliiiL^ in a change uf \oluine 'I’lu- factor lias gencriilly 
ruine<t «omo cclK of c\cry -et. 

International (dectrical coiigre—e- lia\e d<-\o!ed lunch attention to (he 
cadmium or We-ton stamlard cell on aceoiint of its i<iw temperaluia* (aiellicieiit. 
and favorable characteristic- An iinporlant international conference was 
held in Washington at the National Huieaii of Stamlard> in 1!H0 with rejire- 
scntatives from Hngland, iTanre ami tierniaiiv jire-cnt. Not only were the 
outstanding faults of tlie >i\\vr coiiloineter and (he standard cells coiishlererl, 
but a considerable amount of experimental work was done- on these prolilems 
and published in the Report to (lie International Committee on lOlectriciil 
Units and Standards, I)e])l, of ('4unmeree and Talior, Bureau of Standards, 
January 1, 1912. Specifications for the siher cmilometer are con.sidcred and 
the value of the electromotive force of tla^ Uentijii stamlard cell, as based on 
the coulometer, was given as J.01.s;i volts at 2()C From investigations pre- 


Phu$. Her.. 27. m (ItMiS). 
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viiiiisly carried out and work done at the conference, a reproducibility of 1 or 2 
parts in 100,000 would seem to bo obtainable, although there are still outstand¬ 
ing problems of divergencies with both voltameter and the standard cell. 

The value of the electromotive force of standard cells in absolute units has 
been determined many times. The constant current has been determined by 
the electrodynamometer or the ampere balance, or has been based on the 
silver coulometer. When .such a current passes over a known resistance there 
is a conventional fall of potential of 1 volt per ohm, the international volt 
being so defined and measured. The conventional value of the Weston cell 
was femnd to be l.OlXli volts at 20° and the change with temperature of these 
cells has l)een carefully determined by Wolf and Waters' as follows: 

E, = E^a - .0()0040(i(( - 20) - .OOOOOOOoft - 20)' - .00000001 (( - 20)>. 
Tor very precise work one must employ a thermostat capable of holding the 
temperature constant to 0.01°. As standard cells often take a considerable 
time (days) to attain their proper value at a given temperature, it is found 
necessary, for most jirecise work, to construct a number of cells and place 
them in a thermostat which would keep them constantly within 0.01° of a 
suitably chosen temperature. This is quite possible with modern thermostats = 
so that it is possible for the different laboratories to establish voltages which 
agree most satisfactorily. This is slutwn from the report of the meeting of the 
International Committee at Washington, 1910. 

With this basis, irrccision measurements may be made of any other electrical 
quantities. The determination of voltage is accomplished by the zero, or 
Poggendorff method, where the standard cell is opposed to a fall of potential 
over known resistances (Fig. -1). The current fnjm the battery, H, is passed 


g over a resistance, -IC; a shunt joined 

at .1 includes the cell and a sensitive 
galvanometer, G, and is joined to the 
resistance with a sliding contact, X, so 
^ j. that the electromotive force of the stan- 

A\^ |S dard cell opposes the fall of potential 

^L—t^over .l.V. The galvanometer, G, indi- 
^ cates the point at which there is a bal- 

F.n. 4 . Diaanun l■„„tcnt.o,nc.,.r jj ealibratcl resistances are 

MeniHuri'nM'at , , i ^ . . 

used, one knows tlie fall of potentiui over 
each ohm in the circuit. Supposing the coll is a Weston standard at 20® with an 
electromotive htret* of l.OlSIiO volts and vuic makes .tX = 10,1H3 ohms, ad- 
justinK the resistance A'C until balance is obtained; the potential fall over each 
ohm is exactly .0001 volt and it is readily seen that, using suitable resistances, 
such ft method is capable of measuring voltages greater as well as less than the 
standard cell. The accuracy depends upon the accuracy of the resistances and 
the sensitiveness of the galvanometer. Perhaps no other physical measure¬ 
ments made are us accurate or satisfactory as those made by the compensa- 


* BuU. Bur. of Slnruiarfis, 5. aoi) (lOOS). 
U*hvn. Her.. 32. 270 (1911). 
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tion potentiometer method. It is a simple matter to measure accurately the 
voltage of any other cell by putting it in place of a standard cell, once the fall 
of potential has been determined. The Wevttm unsaturated cell is calibrated 
in tliis way, and then used as a workirig standard; it is, of course, necessary to 
maintain a steady and uniform current from the battery, H, tlirough the circuit 
and this is tested from time to time by means of the standard cell. 




CHAPTKii XI 

CONDUCTANCE, IONIZATION AND IONIC EQUILIBRIA 

HY j. H i>Mn'iNi;'niN. ds,-. 


/•.Vi.-.f full r-//,,/,-. 

I'lKitisth/ ,if l.mulon, /.<»/)«/.,/I, EiiijI'UkI 


AIIn()^t iniinedialply aff<‘r tlio di'^cmiMy uf (hr Voltaic pile.’ Nicholson and 
Carlisle deciunposod water liv a emTcnt fruni llie pile pa^vm^r l,rtween plati- 
nmn and gold \vir(‘> iinniei>ed in that iii|ui<l. Cniiek^liank^ at tiie >anie time 
sliow’Cil that metallic >alts could he decnmiiosed hv tlie jnle, and (hat dunlin 
lh(* decompo^itioll of water the iKpiid hecaiiie alkaline around oik* win* and 
acid around the otlier. 'Plus pu//liiin result wa^ tii-t explained hv lluinphrv 
Davy,* wlio henan experinuml'' willi the pile in IsOI), and >howed that deeiun- 
positions could lx* elTectiai in dilTeient \<’">eD pnoideil tla-'e were eonneetoil 
hv strijis of moi>t animal or \ene1ahle suhstanci-, a'he'tux, ,,r even the two 
iiands of the expenmonter.* in a careful loeaieh, <ained out in isPii, Davy 
showed * that the acid ami alkali were luoilueed fnmi lmpurl(ie^ in (he water, 
and that "water, chemically pure, ix ilecompo-ed hv electrndtv into nasemis 
matter alone, into oxvnen and hxdroKcn ’’ He found that “ acidx cniild he 
passed throutjii alkaline so!u^ion^ and nri n i x/J, and (hat ajiparent ly iiixnluhle 
substances, when nioixt, were decoinpox-d hv (he electric curteni His experi¬ 
ments convinced him of the urcat decompnximr power of (he pile, and led to 
the isolation of (lie alkali met.als Daw iii'xer ha<l any smioiis theory of tin* 
{ilienoinona ol)>er\ed, and I'aiaday later mi jemarked" that "prohahly a 
dozen jirecise schemes of eloctrochemie d aetinii mitht lie drawn np. ililTeriiiK 
essentially from eacii other, yet ail a^ieeiny with the statement there ^ixen” 
[hy l)a\y]. 

After li period of mystilicalioii it became dear that \oItaic electricity was 
fundamentally the same as frictional dectricitv. as had all alonK hi-en main- 
tallied by Volta, ami this was proxed hy ex))erinieu(x of Wollaxton,'' who 
showed that the effects iwoduceil hy each were the same, and in particular that 

' Phtl. Tratix., 90, -103 (1800), Hinln, Volta i- la liila, Coino, IMIU 

^XichohonsJ., 4. 179 (ISOU). 

nbid., 4. 1K7 (18001; Henry, ibid.. 4. 2J3 (IMMU 

* Phil. TranK . 97, 1 (1807): Works. e<l. J. Daw, vol. p. 1. 

‘ XifhoUon's J . 4. 204 (IhOO); Workh. 2, 130. Ph.l TmuM., 91. 307 (ISOJ) 

*Phil. TratiM., 97. I (IMI7). Work-*. 1 

'Phil. Trans.. 123 . (>84 (Ik 33). Kxp<Tiiiii-iitiil H<-.-ar<'hi-x. Seri*-* p, 130 

* Phil. Trans.. 91. 427 (IWII) 
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frictional electricity could produce chemical decomposition. Water had 
previoualy ' been decomposed by sparks by van Troatwyk and Diemann, but 
in this case both gases were evolved from each electrode. In 1802 Erman ’ 
showed that the voltaic pile could affect a gold leaf electroscope. Any re¬ 
maining doubts were set aside by an elaborate research by Faraday,* who 
realized clearly that the only difference between the effects produced by fric¬ 
tional and voltaic electricity was due to differences in quantity and intemsity 
(voltage or potential). The frictional machine produced a very small quantity 
of electricity at high intensity, whilst the pile or battery produced a much 
larger quantity at a much lower intensity. The distinction between quantity 
and intensity, so fundamental in the study of electricity, was first made by 
('avondish.* 

Systematic researches on the dcconqiosition of dissolved substances by the 
electric current were made by Hisingcr and Berzelius in 1804.* They showed 
that acid or halogen always ajipeared at one pole, and alkali, metal, or hydrogen 
at the other. The products of decomposition appeared only at the poles. 

Conductors and Non-Conductors: The distinction between conductors and 
non-conductors of electricity was first made experimentally by Stephen Grey * 
(1728 173()). The names were first used by Desaguliers in 1739.* Good con¬ 
ductors are metals, many sulphides such as galena and pyrites, aqueous solu¬ 
tions of acids, bases and salts, fused salts, and water when not perfectly pure. 
Bad conductors, or insulators, are dry solid salts, metallic oxides, ice, some 
metallic compounds, .such as HnCb, AsClj, Ilglj, AsjSj, and AsiSj,* most non- 
metallic elements, pure water, most organic compounds, mica, ami glass, all 
at the ordinary temperature. large number of substances were examined 
and classified by llampe.” 

A curious relation between conducting power and optical properties was 
pointed out by Maxwell:'" transparent substance.s are usually insulators. 
Light, according to Maxwell’s theory, consists of electromagnetic energy, and 
if the substance through which it passes is a conductor, the electric displace¬ 
ments in the light wave generate electric currents in the material, which are 
dissipated a.s heat and thus the light is extinguished. Metals, which are 
opaque to light, are good conductors of electricity. In insulators, the electrons 

: Oren'tt J., 2, ISO (1700): rf. Strong. .iMirr. Cfiem J., 50, 213 (1013). 

Hiilb. 4mi.. 11, no (1802). 

‘I’kil. 123, 23 (1S33), Htnl. Uo-s., .3d ScriR., p, 70. 

‘I'M. Tnim.. 66, liKl (1770), ('(illortod Pnporii, od. Maxwell and Lnrnmr, t'aTnbri*e, 
1021, vol. 1, p. 200. ^ 

‘.Inn. Chim., 51, 107 

• Prieslloy, Hist<»iy of KU'ctrifMty, 2cl edit.. Izondon, 1709. p. 20. 

^Priestley, ibitl.. 02, on curly history see J. C. Fischer, Goschichto der Physik, S vols., 
GtittinKeu. 1801-1808. 

• Faroduy, Phil. Trana., 123, 507 (IS;13): Kxpt. Ues., 4th Series. 110 ff., 7th Series. 201. 

•CAcm. Z.. 11. 54 (1887); 12. I (1888); Lorenz. Die Elektrolyse geschmoUener Salze, 

Hallo, 1906-0; 3 parts; part 2, p. 182. 

Trout iso on Electricity and Magnetism, Oxford, 1892, vol. 2, p. 446; Jeans, Electricity 
and Mugnetism, ('umhridgo, 1911, 534. 
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are bound and there are only displacements, net nmtiun, (»f them, whereas in 
conductors the electrons actually move. Good metallic conductors are ^so 
good reflectors of light.^ An apparent exception to the rule is exhibited by 
solutions of electrolytes, which are good conductors yet are transparent. In 
this case, however, the electricity moves in connection with material particles, 
the ions. 

Classes of Conductors: Karly experimenters, such as Davy, noticed that 
conductors could be divided into two classes: (i) tho.se in which the electricity 
moves without producing chemical changes; (ii) thoye in which chemical 
changes always accompany the pas.vage of the current. Metals are typical of 
the first class, called mdallic condudvru. 'Phe sc'Cond cla^s comprises what 
are called, following Faraday,^ rhrhoh/tc.s, or (Jiclmhjiir rotidvchn. Davy ^ 
noticed that the conductivity of metals diminnhes with rise of temperature, 
whilst Ohm^ found that of electrolytes tt» increa>e. ('arbon is the principal 
exception to this rule: it conducts inetalhcally but its conductivity increases 
rapidly with rise of temperature.* Sihcou also slnnvs this peculiarity.* Tel¬ 
lurium shows first an increa.«c up to 70- 8(F, then a decrease, in conductivity 
with further rise in temperature.’ The case of .''Clenium, the resistance of 
which viirie.s on exposure to light,* i'< well known. Some sulphides conduct 
metallically and others electrolytieally, both -solid and in the state of fusion. 
The latter increase in conductivity witii rise of tenpjerature.” Some pecidiar 
results were noticed by Jlittorf.'" The cundueli\ily of copper sulphide is 
increased by traces of free* sulphur and the oondiieli\ity the native sulphide 
depends on free copper. Sil\er sulphide app<';irs to eonduct metallically be¬ 
cause of the formation of fine thread' of silxer. Ihe 'Opposed iiK'tallic con¬ 
duction of fused silver lialide' is also due to tliiead' *if silver stretching from 
pole to pole." 

Unipolar Conduction: .V |)eculiar cla" of ei-nduetuis are those known ns 
unipolar, which allow <‘icclricity to jia's from one electrode only, |■.rnmn'^ 

‘ N. U. CampMl. Mo.lcrii Klctnual ..I'UI. i.o 

2 Kxpt. Kes.. 4tli .'ui<i .'uh Scries, p 1 in, (l,r i.-.t... ... l,.tur<- 1 . Iiilin.iu. .-.1 in S.Tir, 7, p. 107. 
Tmm.. 111. 411 
Phy^ik, 63. 1M) (ISlIl 

»(’f. Murnoka. 13. .iU7 (ism'll. > I’ ni-mp-un. Hulrojnr. 22, 

r»21 (lKh()); Dewar and Fleniinn, 1‘fiil. M/'O . 34, .t-0 (IS'.iJj. 

«I.e Roy, Co/nyit. frnd . 126, 211 llKOSi. / hl>ku.,.h<>n , i.‘X, i\^‘.tS) ^ 

M-:xner. IVnn. Ikr . 73, 2S.‘* ils7m. hmln r aii'I .M<.r«:in. J. .1»» >•-«-. 22. 2S 

(1900). 

‘Siemens. .4«n. Phi/^ik. 159. 117 (1n7i>). S,tiiiMl.-is ./. Phy^ rh.iu., 4. 42a (1900). 

‘Faraday. Kxpt, Rc.-^.. ls;ia. 1th Senes. 110. Is-IK 12th S<Ties. 42i>, KarKten. drm. 
Physik 71 239 (1M7); licolz, tW . 92, l-W (1S.M). lO-IInti and laissiiiiii, .4ffi ft./n*!. VenW->, 
5 . 1117 (1RS8); Streinfx. Arm. Ph,M. llMt. 171 (1902); Al.t. iW/.. 62 . 474 (1H07): Hraun. 
ibul.. 153 . 556 (1S74). 1. 95 (IS77). 4. 476 (1S7S). 19. .140 (IKS.1). U. Meyer. ML Ann. 
Physik. 5 . 199, Ann. Phymk. 19. 70 (1SS3). MatO-ueei. Omjd. muL, 40. 641 (1855); 42 . 
1133(1856). 

“.4nn. Phy$ik, 84. 1 (1851). cf frazov. J. Phyit. Chem. Soc., 51, 311 (1919). 

» Le Blanc and Kerschbaum. Z. KLktrochn,,.. 16. t»hO (1910). See alw) following aoctions. 

UGtiberl's Ann., ll. 149 (1802). 22 . 14 (1800), for uniisdar conduction of flaiuee bcc 
J. J. Thomson. Conduction of Flertricity through Oiise«. Cambridge. 1906. chapter 9, and 
Boeker. Jahrb. Hadrrrakl. Elrklronik, 13, 139 (1916). 
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noticed that if wires from a battery are introduced into a piece of dry soap 
no current passes. If the soap is connected to earth, current flows to earth 
from the negative wire only. The positive electrode becomes coated with an 
in.sulatiiig layer of fatty acid. If the soap is moi.st, this is dissolved and 
current passes between the two wires.* The same phenomenon has been 
noticed in solutions, and whenever electrolysis leads to the formation of a 
sparingly soluble, poorly conducting, sub.'itancc, which adheres to one of the 
electrodes, unipolar conduction occurs. This is applied in the aluminium 
rectifier,* which consists of a cell in which the anode is of aluminium and 
the electrolyte a solution of alkali phosphate, or borate, or a mi.Kture of equiva¬ 
lent amounts of ammonium i)hosphate and borate. In this way an alternating 
is converted into a direct current. 

Theory of Metallic Conduction: Metallic conduction differs from electrolytic 
conduction in the following particulars;^ (1) There are no products of elec¬ 
trolysis; (2) there is no polarization: solid electrolytes, e.g., barium sulphate, 
exhibit a polarization of over one volt; (3) a substance which dissolves in water 
witliout dccomj)osition to give a solution containing ions will probably conduct 
electrolytically in tlie solid state; (4) the resistance of a pure solid conductor 
has a minimum value at some temperature, whilst that of an electrolyte 
always diminishes with rise of temperature; (.)) .selective absorption and 
emission in the ultraviolet and infra-red are exhibited by electrolytic conductors, 
whilst in the case of metallic conductors, al)sorption and emission are con¬ 
tinuous. 

The conductivities of some elements (e.g., Si and Ti) and Cf)mpounds have 
been studied by Koenigsberger and Schilling,^ who found that a maximum 
conductivity was reached at a particular temperature in each case, wliich lias 
no connection witli transition temperature, aud is attributed ti> electronic 
dissociation. The conclusion that metals contain not only free electrons and 
p«)sitivc ions, but also negative ions, was reached on theoretical groumls by 
JafTc,^ tiic negative ions being regarded as ass4)ciations of electrons with neutral 
molecules. On the theory of metallic conduction now accepted, free electrons 

‘ The oxplunfttion niveii is duo to t>hin. 

* The rortifyiuK action of alumnnum was discovered Uy Huff, Lieh. Ann , 102, (l8o7). 

See also H. K. Nonlon, Z. Klektrochetn., 6. lot), 188 (1890); F. Fi-seher, Z. phijsik. Chem., 
48, 177 (19(M); Uoloff .and Siedc, Z. kJU'klroi'hi-m., 12, ft70 (lOOt)). other metals (Mi?, Ta, 
Nl). Sb, Hi, Zn, (\l) (JUntlier-Schulze, Ann. Phi/tik. 21, 920 (190«>) (Inblmurapliy); 22, .>43 
(1907); 23.220; 24,43; 25, 77.') (lOOH); 26,372; 28, 787 (190t)); 34. 0.')7 (1011). Z. Elrk- 
trnfhein., 18, 320 (1012); .lua. Phumk. 41, 503 (1013); HalKirovsky, Z. EUktiochem., 11, 
405 (100.")): Kistiakowsky, tbui., 14, 113 (1008), Fr)erster, Eliklrochcmn- uvis-srij/cr Ldsungen, 
1015, 370 ff.; biblioKraphy, GUnther-SohaUo. Jnhrh. Hadmakl. Elckhomk. 17. 3.)0 (1021); 
Wiuther. Phys. Z., 14, 823 (1013) (Mk, AI, Zn. Cd. Fe. Co, Ni, Fb, Sn. Sb, Bi. Cu, .Ag. Pt, 
Au. Cr ill KOlI Aip); Wewor, J. Phys. ('ht-m., 22, 77 (1018). 

* KooniitslicrKer, Z. Elcktrochem., 15, 07 (1900). 

* .inn, Phyaik, 32,170 (1010); summary of recent work on metaUie conduction. Meissner, 
Johrb. Rndioakt. Elektronik, 17, 220 (1020). For detailed account soo Ciract*. Elektrizitftt 
vmd MaRiietismus. Lcipsig, 1023, Vol. 3. p. .>07 (by Koenigsberijer). 

^ Phyaik, Z., 13. 284 (1912); Kraus, Phys. Her., 4. l.'iO (1014), concludes that only a small 
fructioii of the molecules of liquid mercury arc ioniaod. 
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arc supposed to carry the current, tlie positive ions of the metal l>einK iin* 
mobile, or practically so. Other results lead to this thei>ry, such as the work 
of Tolman and Stewart,' who calculated the ratio of the efTective nias.s of the 
current carriers to the quantity of eleetrieity carried. Tiiis ratio indicates 
that the carriers are free ncKative eleetnui> Tlie thenuoionic emission from 
metallic wires at hi^h temperatures is uIm* in ^ood agreement with the electron 
theory.' 

An early attempt at a theory »»f iniMalhc coiuhictioii wa^ made by Uiocke,' 
who assumed also positive mobile particle^. In tlie theory of Drmle ' the 
electrons in a metal are assumed to haxe the .-ame mean kinetic eneruy ns a 
gas molecule at the same temperature, and collisions between electrons and 
between electrons and metal atoms occur in the same wav as those between 
gas molecules. The conduction is (‘\))lained i\v the direetive (‘iTect of the 
applied E.M.F. on tlie motion of the election-, which lueserve their random 
motion unchanged. On these assumption-, with certain -impliticatioiis,* tlie 
conductivity of a metal can be shown to !«■ gi\cn liy 

K - {iK\l]!{'2^2arm), 

where c — tdoctronic eharge. .V = nundM'C of nioh'cuh's piT unit voliim(‘, 
/ = path traversed liy an electron between two vueeessi\e collisions; T " aI)so- 
lute temjicrature; i/t — mass of electron; a i- a con-taiil gi\en by the relation 
{mv- = aT, where v is tiie \eIoeity of tlie electron '• I liiis: 

K = <-.\(,'2inr. 

On the a-sumption of tlie eia-sieal kinetic theory we replace l.mr by {2l2)kr, 
where k is Holtzmann's con-tant, lienee. 

By a .-imilar calculation tlie eoefhri.-iit of thermal conductivity is found to 
be given by; 

0 =\/./r, 

hence 

OIk = 'U’TI< - =- r X enn-t. 


lOIo 


whicii is the law of Wieilcmaiin aii<l I ian/..‘ 

> K<t . 8. 97 (1910). 9. lot (1917). 

» 0. W. Richard-oii. Tlw "f W'" hum Kui HuUk- 

Mrm. P/iysiA-. 66. r>a..'■>4.*. (1S9S). 

-.4m.. ny.,k. I. 5.» (VMn: 3, 30-. 7. ..sT Wm, I.n-.l 

forward indepcndcull.v by .I .f. Tlioiii.on. Uai.iioil. do f onai-a iitoroii . .in'-, 

•Cf. ranililx.!!. Modern KIr.triial Thoor.. l-n.f. i. ..!! 

‘Cf. Joans. Elcetrirny and Ma«..e.i-.. 1^1. P .h-' velo- dy . . ^ 

impres«d E.M.F. is very small oompared w.lh ,he .a ne of r. ll,e va no of ,V b- 
ealcula.ed from optfeal and thermoelec.r.c eosManl.. t .. .be., pn.e .nd y .ndo„.....lent .,1 
temperature. Cf. Schenek, PhyMk.-U...cl.e Chem.e d.'r .Me.alle "“'I;'. . . , 

j fto 4Q7 flS'jS)' I- I>oroi»z. thul.. 13. 422. .»s2 (IKhl), Kirshnoff ano 

Hauaomann lid 13. 4»fi (ISSII. J..eaer and l).ea..|l.or-.. .4M. .1. „>,«.■ f-e/,. 

3. 269 (1900); Lees. Phil. Tranj^.. 208. SM (HH)7). 
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The change of resistance with temperature is supposed by Schenck (ibid.) 
to be connected with the hardness of the metal. 

Although experimental evidence on the whole supports Drude^s theory, it 
is not free from difficulties. In the first place, the Wiedemann-Franz law is 
only approximate.^ The experiments of Onnes at very low temperatures (see 
p. 493) show that a state of “ super-conductivity” is reached before the absolute 
zero, when the resistance ha.s practically vanished, and the resistance falls off 
more rapidly with temperature than according to the Wiedemann-Franz law. 
Again, the assumption of equipartition of energy between electrons and atoms 
would lead us to expect an additional 3/2* N^.k, where iVo is the number of 
electrons per gram atom, to the atomic heat of the metal, as compared with 
that of non-metals, which has never been observed. If we assume the number 
of electrons to be very small, the value of k would be too small, unless I is given 
improbably large values.* Another serious difficulty is that the assumption of 
equipartition would lead to the result that mctaLs should radiate according 
to the law of Rayleigh, whereas they actually follow Planck’s law, especially 
at low temperatures (cf. Chapter XVI). Attempts to remove this difficulty 
have been made by Wereide and Nicholson.^ The latter points out that the 
assum|)tion of equipartition enables the numbers of effective electrons in the 
atom to be cttlculate<l from the ojitical constants, and tliese come out very 
near whole numbers. This argument has very little weight, and it has been 
generally recognized that the theory of equipartition requires modification. 
Before discussing the newer theories brief mention must be ma4lc of the theory 
of Stark.^ 

In this the valence electrons arc assumed to be distributed symmetrically 
between the network of p4).sitive nuclei, lying on displacement surfaces in which 
they can move freely under an applied P.D. The number of transportable 
electnm.s is independent of temperature and {in a univalent metal) equal to 
the number (ff atoms. At any given temperature the resistance is determined 
by the thermal vibration of the electric valency fields. The thermal vibration 
vanishes at the absolute zero, and there is then no resistance. The small 
conductivities of non-metals is exphdned by the a.ssumption that only a small 
number of electrons lie on displacement surfaces. ll(*ductioiJ in conductivity 
caused by foreign materials is a.‘<sumed to be due to disturbance of the .symmetry 
in the displacement surfaces, brought about by a relatively small number of 
foreign atoms, the electrons and atomic spheres of which are assumed to have 
ft different spacial arrangement. The valency electrons bintl together the 
positive spheres, i.e., determine the cohesion, and Stark * has put forward 

* Lee*, Fhil. Trarnt., 208, 381 (1907); MoUsiM*r, .law. Fhy'<ik, 47, UWl (19lo): cf. Lorent*. 

Proc. AmHtrnlam 1905. 

* C. F. lleioho, " Quaatuin Theory,” Eng. trunst. 1922, pp. ff. 

».lnn. Phyaik. 55, 589 (1918). 

« Phil. May., 22. 245 (1911): Schuater, ibul. 7. 151 (19(W). 

^Jahrh. Hadionkt. Elektronik, 9. 188 (1912); based on his valence hypothesis, ibid., 
124 (1908). 

* Phya. Z., 13. 585 (1912), cf. ('rednor, Z. phyaik. Chem., 82, 457 (1913). 
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evidence in support of the connection between conductivity and plasticity. 

Wagner,* by comparing tlie conductivities of niotal.s in the solid and liquid 
states, finds ratios varying from 0,.5 to 4.0. The number of electrons Ireing 
assumed constant, the change must be due to changes of mobility. 

Among the newer theories which attempt to get over the diffimdties before 
mentioned are those of Nern.st,* Onnes,* l.indemann,* and .1. J. Thomson.* 
The formula of Lindemann shows that at high temperatures the siiecifio re¬ 
sistance is proportional to the absolute tem|>erature, whilst at low temperatures 
it falls off proportionally to ( where h i- Planek's constant and k is 

Boltzmann’s constant = R'No- The existence of zero resistance at low 
temperatures is thus covered. Wien ‘ discards the theory of cipiipartition 
of energy altogether and assumes that the electrons move with a velocity 
independent of temperature, and that .V, the number of electrons per unit 
volume, is also independent of temperature. The variation of specific re¬ 
sistance is then determined only liy the dependeiiee of /. the mean free |iath, 
on temperature. Wien assumes a distribution ..f energv among tim metal 
atoms in accordance with Debye's theory and timis 


r = const. X 


r~ I'd 


1 


(/ = specific ri'sistainv). 

, it does not lead to 


In .some respects this theory is at a ilisinhantage I hits 
■1 theorv (]f heat conduction without fresh assumptions. 

Moi^e recentlv l.indeniann * and Haber* lune made .. that 

the electrons in a metal, instead of being free to move hke atoms of gas, are 
bound together in a space lattice, which moves throiigl. tlie metal as a rigid 
structure. Two assumptions are made 11) at distances sensililv greater than 
the atomic radius electrons and ions (the pints of metal atoms from which 
electrons are removed) are attracted .rding to 

whilst at distances less than a value they are lepelled by a orce X/ \ 
being a constant;» (2) ,V, the iiuinbei of electrons per nnit volume. I> 11 • 
dielectric constant of the electrons, and X, Hie constant, of the repulsive force, 
are related by the erpiation 

ifilX, X) w i(X, H), 

whore 0 and if/ are unknown functions. I his prolt.iblv ii in 

Vx-m/j .11 == const. 


'.tan. Phyaik. >3, HM HtdO). 

>Sfr., 44, :t(Ki (1911). 

■ Commumrahons of Liyilin /.at., l.« H'Jl tl. 

•Bar., 44. 31« (1911). 

‘The Corpuscular TlwH,r.v of .Matter. ItlOi. < 

‘Bct., 4«. 184 (19i:i). of. Kocsoiii. /Vij/«. 14, m" (l tl »- 

'BXii. .t/ag., 29. 127 (1915). so.)7H(I91Hi 

» flisr <2 VKx li<'r«hu'4. Ann. Phyi*ik. 57, -.7H ( )• 

•fler.. 52. 500. OVu.. 15. 929 Phyn, A., 

• The experiments of tranck and Hertz, yern. i/^u. y 
14. 1115 (1913). render this as»nnip«ion fairly pluiiHihle. 
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When a P.D. is applied, the electron space lattice ^ shifts as a whole through 
the atomic space lattice, the attraction of the more distant ions being counter¬ 
balanced by the repulsion of the inflowing electrons: “in other words,” as Linde- 
mann says, “the electron space lattice or crystal may be said to melt at one end 
and fresh layers may be said to freeze on at the other, when a current flows.’' 

If «o, the limit of the action of the repulsive force of the ions, is less than 
la, where a is the distance between two atomic centers, the electron lattice 
may glide unimpeded through the atomic lattice, provided the atoms are at 
rest or their vibration docs not exceed \a — Oo in amplitude. The latter 
condition corresponds to the super-conductivity of Onnes in the region of the 
absolute zero. As the t(unpcraturc increases the atomic amplitude increase^ 
and resistance is offered to the electron lattice. 

Tiindematm does not enter into any detailed calculation, but a dimensional 
relation leads to 

r = 1 /k = 

where p is tlie density of the electron lattice, and E is hA^, A being the amplitude 
of the vibrating particle and 6 the <piasi-elastic force holding the atoms in 
position. Similarly 

<T being the compressibility and d the thermal conductivity. Thus, 
eiK = = const. X E, 

which ia the Wiedemann-Franz law, since E is proportional to .1, or T. The 
second assumption made at the beginniiig is necessary to calculate tlic value 
of the constant. The absences of an electron term (^i2)N,)kT in the energy of 
the metal is accounted for on IJndemann’s theory. Other theories have been 
put forward by Ilerzfeld,- Ilaueiv^ (Iruneisen,** and others. Gruneben finds 
that the specific resistance of pure metals is at low temj)eratures a universal 
function of T.'(5vn, w’here 0 is the radiation constant = hlk, and Vm the charac¬ 
teristic frequency. The ratio of resistivity to absolute temperature is propor¬ 
tional to tlie atomic heat of the metal. The variation of resistance with 
pressure confirms tli(‘ view that the mean free path of the electrons is inversely 
proportional to the square of the amplitude of the vibrating atoms, which is 
in agreement with Limlemann’s e(|uations. Beckman •’ showed that in many 
casCvS the change of resistance with pressure is in agreement with Gruncisen’s 
views. 

‘ Cf. Porn and KArniAn, PA/y-t. Z.. 13, 207 U012); 14, ti.) (1012); Porn, Ann. Phynik, 
44, BOf) (1014); Dyniumk der Kristall>cittor, Porlin and IxjipaiR, 1913; Roirhe, Quantum 
Theory, Knu. tr.. 1922, p. 42. 

* dun. Pkyaik, 41, 27 (1013). 

Ubid.. 51. 180 (1010). 

*Ber. DetU. phya. Gcs.. 15, 18<> (lOPt); 20, oil (1918). 

* Phya. Z., 10, 59 (1015); 18, 507 (1017): the tt'suH docs not hold for Bi. Hg, Tl, Ta, Mo; 
if p is the pressure and 6r the n'sistanoe change, then 6r • ap + bp*, where a and 6 are con¬ 
stants, holds for many nictuls, r.y., Zn, Fe, Pd. etc. 
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Benedicks' and Gruneisen' have sinmn th„t atomic conductance is a 
periodic function of atomic weight and .IccrcaM-s in value from the first to 
the eighth group in the periodic fable. Stremtz’ found that between IS" 
and 100® the relation 

Vfj/oHiic vohuiiv = coii'-t. X (ir 'dT 

holds for certain series of metals, Midi a> IM, P(. Al. Aji, An, (M, Sn. TJie 
constant appears to vary fmm to mmiVn and to deiiend, to Mtme extent, 
on tike atomic volume of the metal.* 

Effect of Temperature on Resistance of Metals: The relatmn lirtwi’eii (he 
specific resistance of a metal and temperature may he expros-ed hy the formula: 

r = 0 + bT 4' cT-; 

for small ranges of temperature the linear relation 


r = It -f hT 

is sufficient, the coeflicient ha\ing the \alm' ah.iut (rr)dr,f/7’ = 0.001 (ef. 
coefiieiont of expansion of a gas), although for magnrtic melaU it is Ingher 
The coeflicient inerease.v with temikeraturo, large cliaiigcs hrmg observed in 
the neighborliood of transition point'' and melting poinl.s. Tlie eocffieicnts 
for liquid metals are usually I o tlio'c for solid.'’ I'nlike the eoirfspomling 
constants for ga.ses, and {I !r){iirj<iT),. are dilTcrent. In the ea^e 

of mercury,® the value at eoii.''tant volume is - o.O X 10 that, at, efinst/mt 
pressure + 8.!) X 10 *. 

Lindeck ’ fimls (liat {xjicctjk n skUiucr al n fni’» n U mixrnUtrv) X {kuijuuihtrc 
coefficient of rrniiitaticc ot (hr xniitc h niiKnilnn) i> constant for metals. For 
co))per the constant lias the value (i “S X 10 ' at lo®. The constants for 
aluminium ami iron are II 0 X 10 ^ ami .is ,*i x lO at I.»®, respectively. 
The relation holds even in presenee of impiintie' (e g,, As in t'li). 

At very low temperatures (lie resistanre (Iinmii'ln‘s very rapidly with the 
temperature, and at 8° or 4® alls. tli(‘ n'sistaiice may he zero, i.e., tlie metal is a 
perfect conductor. Our kn«nvledge ftf tlie re.si''|aiice of metals at very low 
temperature is due to tlie work of Kamorlingli Onnes ami his co-workers at 
Leyden.^ In the ease of mercury, for example, at 18.0® ahs. the re.^istance is 

' Jahrb. Hailiimkt. hlrklronik. 13, a.>l (l'll(i). 

* Her. iJcul. phf/s. (j< a , 20. o-'i (191S). 

».tnn. Physik, 33. 430 (I'JIU). 

‘Further papers on tlio l•onllll(■tivlt\ of jm'iaU' K<saiiKslsTtf<r and Wej's, Ann. </<• 
Phy».. 35. 1 (0)11): J. J. Thonis4)n. .Vofno. 96, P.»l (lOl.M, Pint. Mny.. 43. 721 (I1I22). 
44. a.»7 (1922): Brarnley. Phi. M<ia , 46. lO,-);) HOj:)) 

‘Somer\il!e./ftr.. 31. 2til (11110), 33,77 (11)11) 

• Kraus, /'/ij/.'T.4, 159 (IIO I). .‘niiiutv illo,/"G ciI. 

‘ Her Drut. phyi*. (its., 13, G.5 (1911). 

•Proc. K. Ahut. Wtfnutch. Awsfrutam. 13, 1271 <1911), 14. hlS (1912): 15. 140ft (Ifll.'J); 
16. 113, t>73 (1913); 17, 50S (1914). see aU) k'Iny, .falirh. Htulionkt. Kleklrontk. 8. 3S:t (1911): 
12, 259 (191.5): Crmnnwiin. Pkys 7., 21. 271. .3<K), Xil (1920); Chm. WtekhM, 16, ft-10 
<1919). 
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0.034 that of solid mercury at 273®. At 4.3® abs. it is 0.0013 times, and ut 
3° abs. Ie.sH than 0.0001 times. Gold and Jead behave similarly. Metals at 
these low temperatures are said to be in a “super-conducting^^ state. Some 
metals, such as platinum, copper, and metals which tend to form solid solu¬ 
tions, do not becoriie super-conducting, but the resistance decreases to a 
minimum, and then rises again with further fall in temperature. 

An apparatus for the measurement of resistance of metals at very high 
temperatures has been devised by Saldau.* 

Conductivity of Alloys : The electrical conductivity of alloys * is charac¬ 
teristic. Kach component contributes to it, so that if an alloy is purely a 
mechanical mixture its conductivity is an additive property of the volume 
percentages of the components. Lsomorphous mixtures have a conductivity 
which is always less than that calculated from the mixture law, and is di¬ 
minished by addition of foreign substances. The formation of a solid solution 
is accompanied by considerable increase in the resistance of the alloy, and this 
increases also with increase of concentration.* When the components form a 
compound this possesses a peculiar and charactcri.stic conductivity which is 
relatively high, and is diminished by additions of foreign substances. The 
temperature coefficients of iutermetallic compounds differ but little from the 
normal value (0.004) for pure metals.^ 

In the case of solid .solutions the temperature coefficients arc much lower.^ 

Lord Rayleigh® showed that the application of an K.M.F. to an alloy 
should call into play opposing thermoelectric forces, due to the Peltier effects at 
the numerous boundaries between the different metals, and, according to 
Liebenow,^ this is the reason why the conductivity of alloys consisting of 
different kinds of molecules is always less than according to the mixture rule. 
From this assumption the properties of alloys can be deduced,® except those 
of solid solutions, wlicn the exj)Ianati()n of Rayleigh seems to break down.’' 

• Iron and Slni Imt. Carncyn' Schol. Mem., 7. 195 (1910). 

• Dearh. MetiilloKrnphy, LdihIoh, 1922, 2.53; GinTtlcr, Jnhrb. Itadioakt. Ehktronik, 5, 
17 (1908); Ix) Chutrlicr, Herw y4nCralr dcs jicunce^t, 6, .531 (1895); (‘oiilnbutioii i\ I’^tudo 
dea uUinKi*a, Paris, 1901. HO, Skaupy, Her. Dent. phya. Octi., 18, 252 (1916); SchPiii'k, Ann. 
Phmk. 32. 261 (1910). 

• Puahin and Maxiinonki), J. Haas. Phj/.'i. Chiin. Soc., 41, 500 (1909); Cliem. .\ha., 5, 

819 (1011); and Diahior, dnd., 44, 125 (1912); Chf'nt. Al>a., 6, 15S7 (1912); N. I. 

SU'panofF, dud., 44, 910 (1912); (’hem, .\hs., 6. 2187 (1912); Knrnakoff and Schenitehuachny, 
t5i'd.. 39, 211 (1907): Norhnry, Trans. Faraday Sac., 16, .570 (1920). 

• Puahin and Diahler, loc. cil. .\Uoya uf brittle and ca.aily oxidized metaU can be suitably 
oast acoordina to the method of N. J. StepanofF, Z. nnorg. Ckcm., 60, 209 (1908); J. Russ, 
Phya. Chem. Sac., 40, 1448 (1908); ('hem. .\bs., 3, 773 (1909). On solid solutions see oiao 
Guortler, Z. anory. (’hetn., 51, 397 (1906), 

• N. I. Stopanoff, loc, cil. 

^Electrician, 37, 277 (1806); Nature, 54. 154 (1896); Collcetsd Papers, iv, 232; experi¬ 
mental denumstrntion, l^ishin and Maximenko, lac. cit., Willows. Phi. Mag., 12. tUM (1906). 

^ Z. Klfklrochem., 4. 201 (1897): l)er olektrlache Widerstnnd der Metalle, Halle, 1908. 

• Nernst, Theoret, Chem., 8-10 p. 471. 

• Doaoh, Metallography, 1922, 255; Schenok, Mcbdluryie, 4, 161 (1907); Physik. Z., 8, 
239 (1907); Guertlor. Z. nnorg. Chem.. 54. 58 (1907). 
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Matthiessen * put forward the Rcncral law tluit the conductivity of a 
binary alloy may be represented by the equation 

= /V/P. 

where k and Km are the observed conductivity and tliat calculated from the 
mixture rule, respectively, un<l F and Pm are the corresponding teini>erature 
coefficients. Since Pm — 100(#(„ — /CKud/^n for ail metals is equal to 29 ± 2, 
we can write the law KmPU = 29 ± 2. For alloys free from mixed crystals, 
Km = K, and the rule becomes P = 29 ± 2. 

The correctness of Matthiessoi»’s law lias U-vn demonstrates! by other 
experimenters.' The law has been modified by (Juertler/ who states that the 
conductivity of a binary alloy and its temperature cieHicmnt are proportional, 
even when mixed crystals and c<mipoun(ls are present. In all case.s the con¬ 
ductivity and temperature coefficient cur\ev ha\e the sune form, (luertler 
and Schulze * .state the law in the form tliat the absolute increase in resistance 
on rai.sing the temi)eraturc of a binary alloy from IF to HMF is independent 
of the increase of resistance brouglit idxnit by the prescnc’e <if mixed crystals 
and has the .same value as that calculated fnnii llie iiiereaM> of resistance of 
the pure components when rabed through the same temperature iiderval. 
That is, ihmldt = dridt. This is confirmed b\ expenmenl 

The constitution of binary alloys may be deilmaal from comluetivily 
measurements.'^ The following are the mo'f important result-: (I) .Vlloys 
for which the electrical conducti\ily is a limair fu’ictiou »tf lli<‘ volume com- 
jiosition have comjxuiciits not nu-eiblr in (he -olnl state. (2) Alloys forming 
a complete serii'S of solid solutions fe g..Ag .\ui lia\e a coiitiiuious conductivity 
curve (plotted against voIuiih' coiicculralion). I his cur\t‘ .shows a vi'ry Hat 
minimum and falls rapidly on both si.lcs from tlie points r<‘presenting the 
conductivities of the pure inetaN. (d) The coniponeiits of some alloys <'xhibit 
only limited miscibility: in tliis case tlie la-t statement holds for that part of 
the curve between tbi- pure metals and the saturated solid s.dutions, while 
the first statement hohls for that part (d th<' eiir\<' between the lamiimsitions 
of the .saturated solid solutions. (1) If two metals form /a eompoundH, the 
Oonductivitv-concentration diagram can be divided into m -f 1 single binary 
diagrams, and from the shaiie of the eur\e. information on the existence of 
compounds mav be obtained, (d) The electrical conductivity of a systmn can 
never exceed the values on (he straight line joining the condiictivilies of the 
pure components. (6) A sharp point on tie* curve alwavs indicates the presence 
of a chemical compound, but the converse docs not hohl, although biebenow 
considers that it does. 


‘ Ann. PAyiiit. 112. 35.3 (ism). , 

■MatthioB*., and V„gt, A,m. 122. IK (IW.I); l)n.„r and H.nn.na Od. 

34. 326 (1892): 36, 271 (1S9:1): Hoirliardt. dnn. Phymk. 6, 8)12 (1901), no-. Hefarenwaj in 
Guertlcr, Z. onora. Chem., 54. 72 (1907), Z. El,klm.h<m., 18. 001 (1912). 

* Loc. cxl. 


* Z. phyixk. Chtm., 104. 90 (192:^) 

* Guertier, Z. anorg. Chrm., 51, 397 (1900K 


Z. EUktrochem.f 16, 601 (1912); J. ImI. 


MtiaU. 6, 135 (1911). 
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The constitution of alloys may also be elucidated from a consideration (jf 
the temperature coefficients of conductivity.* The value of P, the percentago 
decrease in conductivity on raising the temperature from 0® to 100®, is tin- 
same for alloys free from mixed crystals (solid solutions) and for pure metals, 
80 that alloys for which P = 31 or more contain no solid solutions (magnetic 
alloys excepted). Alloys containing solid solutions have a value of P which 
falls rai)idly from the value for pure metals, and the curves connecting P with 
the composition of the alloys show in many cases breaks corresponding with 
those in the miscibility of the metals. The resistance of solid solutions is 
supposed to persist even at the absolute zero, whereas that of pure metals 
tends to vanish at T — 0. The values of the VViedemann-Franz constant 
QIk arc smaller when solid solutions are formed than with pure metals.* When 
solid solutions are not formed, it has the .same value as for i)ure metals. 

Conductivity of Liquid Alloys and Amalgams: Very little work has ap¬ 
peared on the conductivities of liquid alloys. Some experiments have been 
made by Boniemann and Miiller,^ glass or quartz vessels being used. Liquid 
alloys of sodium and potassium give a curve typical of a continuous series of 
solid .solutions (Ag-Au), with a well-marked minimum. There i.s no indication 
of the compound NajK, but NaK appears to exist. Liijuid alloys of lead and 
tin exhibit a conductivity which varies linearly with composition. Tlie curve for 
liquid alloys of copper and nickel is continuous with a distinct minimum; 
that for co])per and antimony shows a break at CuaSb,^ which is more strongly 
marked in the curve of temperature coefficients. The influence of added 
metal on the conductivity of a liquid metal is quite independent of the con¬ 
ductivity of the added metal. The determining factor seems to be tendency 
to compound formation. Tlie alkali metals, having a .strong tendency to 
combination, always lower the conductivitv of a liquid metal to which they are 
added, whilst indifferent metals may either raise or lower it. 

The conductivity of mercury is lowered by additioti of alkali metal, but 
raised by addition of other metals.-’ The low temperature coefficient of 
mercury “ has been attributed to the presence of two or more different kinds 
of molecules giving it the propertie.s of an alloy. The addition (»f alkali metals 
(except lithium) which form compounds with mercury, and increase the 
number of complex molecules, lowers its conductivity in accordance with this 
view, whilst indifferent metals (lithium, calcium, strontium), which dissolve in 
the monatomic form, raise it.^ The effect increases with temperature. The 
conductivity curve for amalgams exhibits a maximum corresponding with 

* (.luortler, Z. anorg. Chvm., 54. oH (1007). 

* Schulze, .-Inn. Phumk, 9, 6.55 (I’.XrJ). 

* Mrkxlhirgky 7, 3UO (1010). HonuMiuinu uutl Fnrum, 11. 276. 289, 330, 

(1914): Mtillcr, Mdtillurgu-, 7, 730, 755 (1910). 

* Honicnmnn iitul PausclK'upliit, MetnllmKio, 9, 473. 505 (1912). 

‘ IJornenmim aiul MlUlor, Mclalluruio, 7. 396 (1910). 

* About O.OOl; Liolwiiow, Dio otoktrisrhe Widewtaiid dor Motallo. 

^ Fonningor, Disa.. Froilmru, 1914. I^owis, .\d«ms and Lamnijiu, J. .Im. Vhem. Soc.. 37, 
2656 (1915), fttt^ihuto (ho loworinn in oonduotivity to :i roduoiiun in the avorjiuo mobility 
of tho eloctrons. 



COXDVCTANCE, lOMZATIOS AM) lOXic EQVIUHHIA 407 

NaHgs' and one corresponding with Kllg. Metals dissolved in inerciir\' are 
assumed by Skau]))’* to be ionized to a considerable extent. Unvis, A(iams, 
and I.amman’ foun<l transfer of alkali metal from kathode to anode in the 
electrolysis of sodium amalgams, and assumed that the sodium atom.s form 
nuclei on which large aggregates of merenry atoms collect, the wlnde aggregate 
being less easily penetrated by electrons th.an free mercury atoms. 

The Conductivity of Solid Salts and Glass: Some <‘\])eriments on the con¬ 
ductivities of solid sulphides were made by l-'aradav.' In the ease of sd\er 
and lead halides, no sudden change of condncli\ity occurs on fusion.'' In 
other cases .sudden changes occur on fusion,''’ or «hcn the suhstance passes 
through a transition iioint. 

Uxperiments on the condneth ity of gla.ss' show that the sodium ions move. 

The conductivities of mixed oxides were iinc'tigatcd by Iteynolds,'' who 
u.sed principally zirconium and cobalt oxides, with \arions added oxides. With 
increin-ing concentration of the latter the condiicliiitv passes through a niax- 
iniuni. The true electrolytic character of the conduction in such mixtures was 
estahlistied by Xernstand Hose'" 'I'lie Veriist lamp" makes use of these 
results. (Iraetz'^ fntind that the condiictn it\ of solid salts is increased by coni- 
[iression. Arrhenius'^ found the condiicliidies of sdxer chloride and hroinide 
to be affected by light. Brown" found the condiictnity of solid copper 
fcrrocyanide to take place without iiolan/alion. A \ery complete inve.s|iga- 

* ('f. Hint', J. Am. ('htm. Sm-, 39, il'tlTi, wliit IiikI' ili.il ... <>f auHiiiuu 

:«tn;ilt 2 iim thrmmli ii iiiiiiiinuin (’I \ .iii'i<iiif. / ■mid 9, (I'M I) 

^ Ihr. Ihiil idiy.-iikiit (Ic> , 18, 2.V_' il'M<>). 

* y. Am. ChiDi. Sot , 37, J(m<) (liM.'i) 

* Fhil. Trtmx., 123. .>07 Ja|iI H'-. lili Stiif*. IIOIT. 7»l» Stri'H, jiM. 

‘ K. Wiedeiiitinii, .ln/i. Plu/.-ok. 154, .Mn il''7.’ti, \\ K>ililt.iii-<'li, t^l</. 17. <>12 (I''^2). 
Avrton, PhiL Mou . 6. i;VJ (ls7S). I. I'oiikmi'', I’lms , 21. Js'* tlVK»), (inifi/.. 

-lllH PAj/xill'. 40, IS ( iN'MI), Idlp-t Inn rirlllll'iW ll-' ll HilK \“ld l’> (t I^h . \ii\ 

Tulimidt, .YijhaI p. lUl (I'Mi'. liiWiinIt .iiid I/'H'ii/.. / I'hii.i . 89. .'iIU 

(IIMM. 

* T. .Viulrcws, Fror lioij Sor Hihii . 13, 27.» il''''li, \\ Kulilrnii'.'Ii. Aim I’hi/til,, 17, 

<Vl-2 (ISS2) ( \k 1), S. 1* Tliniiip^-ii. V.!//(,. .24. K.'t - 1 i i lljr('iijlii. H'-'-t/., Ami. Fhi/sik, 
92. 4.V2 (IS.Yl). ihid . .htl"ll'mid. (l''71i I.on-n/. Khktioh/y, y.s.hmol Sohi, il, 

241 ff.. S,U. h> r /'MI1S4. (Hi : |v77i 

' Wfirhurn, .bifi.21. t'-’i (I'^Sl), 1’ <iii\. A (Iitn. .Tud /’/m .Sor . 

39, 4KS (ISNI); R Tf««*tiiici<T, Jfiti 41. b (I'''")'. Kmu"* .-iikI l>;iili\../ l»i t'hiin. 

>'<'-c,44,27s;i(l!>22). I.cHhuic iiin! Kfr-t ... fVt-/<i , 72, HtS (l'M<i). SptTtiii-ki. 

./ Wi/x't.y. J‘hy’i. ('h.m S-..-, 47, .>2 (r.M.')i, I’lMiii imd l-ix, 'A /’//t/v.A. 3, 212 (l'.<22i, 

Pinim and Sn'iiirii.-4, Z. KI>Umih> m , 15, '»<»') ' I'*'**'!, 'ri»‘rin(»l\iiiiinn x. I'.itif ii l'«is, 

•‘Hh. Winkolinaiin's rhv'ik, IV. 1 . l.')2, t,-ir. ii^, !■ I'ki mUHc K<-rlini u. 22'*ff 

' Gomngon. l‘M)2 

Z. Elvklrorhnn., 6, 41 

’’'.Inn. Wy.sji,9. 1<>4 (liM)2i. 

Elfktndechu Z. 19. 272 22, Hm). <<20 (l'*'M), 24, 2M. 412 irMH,. 25. <*10. 

7.'>1 (10M4). Zirconm an-l tluiria, wiili r.ir<‘ 4•:tt<ll^ :tr<- iWfl. St-t- nI->o ZiiniiK-riiiaii. Tmui 
-Im Elfcirwhem. Sor , 7, 79 niKI,*). v\li<. find- ‘'If trikt-* phif*- in Xt-rriHt !il:un.-iii-. 

Ann. PhjM, 29. 311 (l.HSl*). 

'* HVn. .lA-fid. 7icr. 96, S31 (l^s7', li<'>■! .l'<n /V,vv./.. 12. 119 ^ 

“ Phil. Mng . 33. S2 (IXM). 

17 
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tion of the conductivities of solid salts was made by J. Rosenthal.* He ca^t 
or pressed the substance into sticks, bored holes in these, covered the inside< 
with graphite, and inserted platinum wires which were fixed in place willi 
Rose's metal. The results, although numerous, were more or less qualitative. 
In some cases the crystalline form conducted better than the amorphous, 
sometimes both equally well. The conductivity of lead chloride changed with 
time, probably owing to change of modification. Some salts conducted only 
at higher temperatures (c.g., K^CrAh above 310’’). Foussereau* measured 
the conductivities at various temperatures, and found that the specific re¬ 
sistances could be represented by etjuations of the form: 

log r = a — + cf^, 

where I — temperature. The condiiction is attended by movement of ions, 
although this is extremely slow.® 

The following method is described for the measurement.* The powder is 
strongly compressed ■*’ into small cylinders, the ends of which are covered with 
a thin layer of graphite. Connection is made with the circuit by means of 
platinum plates pressed firmly agajn>t the ends.'’’ Kohlrausch s method is used 
for the measurement. In the case of potassium, sodium and silver nitrates the 
resistance of the crystalline substance is more than 10,000 times that of tl»e 
fused, and the relation 

log /( = n -f {t — temperature, a and 6 con.stants) 

holds. The condiictivity of solid solutions always exceeds that of the com¬ 
ponents, the reverse being the ease for metals. Similar results were found for 
silver, potas.sium and sodium chloritlc", ami potassium chromate,* but in the 
binary system Ag(’l- K(’l the conductivity is tlic sum of those of the constit¬ 
uents, since these are not miscible, ’rhe sudden changes at molting or tran.si- 
tiou temperatures are proposed in the measurenumt of these temperatures.^ 
The conductivity isotherin.>! used for alloys do not represent the results with 
solid mixtures of salts.*^ 

■ .-tna. Phy»ik. 43. 700 (ISOI). 

Chwi. Phm-, 5. 2H. :n7 

>voii Jli'vrsy. Z. Phyi^ik.. 2. US (1020). 

' Ik'uruth, Z. phymk. ('him,, 64. (iOIi (lOOS). 

‘ Kct*or, Z. Ehkirnchem., 26, 77 (1020), finds th.'xt tbo condurtivity may ehange a» murli 
nt* 12 i)er rout aroordiiiji to the pressure u.'iod in making the cylinders. 

‘TiUwndt, Z. tinorg. ('hem., 115. 10.’t (1021), finds that the mlcn>oaition of a cylinder 
of cuhio silver iodide l)et\\een the kathcMie and i-ylinder of salt is an improvement when direct 
current i.s used. It prevents possible short circuitinK owing to the formation of a metal 
bridge, nhich is one of the chief difficulties; ef. Tubandt and Eggert, 110, 190 (1920). 

■ Henrath and Wamoff, Z. physik. C/iem.. 77, 257 (1911). On the conductivity of crystals 
sec Doclter, Monalsh., 31, 40H (1910). 

* Benrnth, Z. Vkem., 64, 09.1 (1908); cf. Tubandt and Lorenx, 87, 513 (1914). 

* nenrath a|<l Tesohe, Z. phyak. Chem., 96. 474 (1920). 
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Haber and Zawadzki * found that when solid compressed silver salts 
(halides, sulphate) are electrolyzed between silver plate.s, polarization occurs, 
which is ftreater the lower the temperature and increases when the salts are kept 
compressed for some time. They Migaest tliat tlie current transported by 
electrons, with simultaneous formation of oxidizing materials such as free 
halogens or silver persulphate, which then attack tlie anode. 

The conductivitie.s of some powders were inve>tiKate<l hy Cioddard. wdio 
found that in the case of siher iodide- tin* conductixity fell rapidly at first, 
then reached a limiting value, rising, at lirst rapidly and then slowly, to its 
initial value when the circuit wa" liroken. The oomluctivity of barium sulphide 
was constant for the solitl, i)ut rose when the substance was powdered. Tlie 
conductivity of iKiwah'red molybdenite roM* on the ap])lication t»f IvM.F. 
Ohm’s law i.s not obeye<l for iiowdcrs except m the case of zinc perborate. Tho 
conductivity of a powder falls in a \:icuum, at tiist rapidly, then slowly. 

The conductivity of solid calcium 'ulphidi* increases rapidly witli the 
temperature and also under the inlluence of light up to a imint,* the curve 
sliowing an acute maximum, fniin which it descends to zero as tlie temperature 
is rai.scal still higher. Tlie phenomenon is prohalily connected with the state 
(tf jihosphorescence. 

Sumlonnini found tiiat tlie conductuity isotherms of tlie system Ph(1j- 
PbHr 2 at 20(F, 250* and 500° all 'how a miniimim CiUrespoinliiig approximately 
to equiinolecuiar pro])orti(U)s. In the sX'tem Ag('l-,\gltr, (‘xamined at 200°, 
250°, ^j00°, 550° and 100°, the Ciuiductivities of mixtures containing lietween 
0 and 70 molar per cent of bromhle are less, and those of the remaining inixtiireif 
slightly greater than the values calculated hy tiie law of mixtures. The con¬ 
ductivities of solidified mixtures (d .salts are less than tlnisc calculated ad- 
ditivcly when they form iierfectly lioinogemanis soli<l solutions with melting 
points intermediate lietween those of their compmierits. Wlien tin* com¬ 
ponents form mechanical mixtures and no other phenomenon iriterfi*res, (lio 
conductivities sliould be stnetlx additive, llenratli faboxe) found that this 
additive value is always e.xceeded. the mily apparent cause for which lies in 
the gradual diminution of internal fuel ion Incaiise (In* maximum is observed 
at a point where the conductivity i.s«)(ln*rni lies close to the ciiU'ctic point. 
The largo increases in conductixity found by Kritscli •' on mixing halides of 
lead and mercury w’ith tliose of alkali metals, when siilid solutions were sn|)posed 

' Z. jthymk. Chim.. 78, U’JN (1012). 

^Phyg. Ri-r.. 28. 40o (1009). 

* Vaillant, ('oni]>t. rcu/i, J54. se,7 1 1012). 171, I asi) ( 1020), cf IV-l:ili<)n. ihni . 173. M2. 

‘iOli (1021) (thalli>u.s 8111^10(10 ami sclcindc). 152, l't02 (lOU) Oiiititiionx scloiin|c-*i im ihi* 
unuKihir conduction of slil)iuo* 'cc M.irttn. Phi/s 7. . 12, 11 (101!). Tlie coikIii tiviiy of 
finely divided siUt.s is u fuixlion of (he 'i/c "f iIh' iiaiialcM, ■}. Pln/s ('hrm , 21, ^2 

(1917). 

* AUt R. Aroid. Liwn. (^), 24, i. M2 (lOl.o, 50. i. 2S0 (1020). Ketzer, Z. 

Ekktrochcm., 26, 77 (1920), finds that the coinluctiMiv of solid lead cldondc is larKclv in- 
fluencod by previous (rcatnicnt, and LcHlaii*’. ihi/i . 18, .OlO (1012), finds (Iks same with lead 
fluoride, potassium fluoride and banum fluoride • 

*.4nn. Phygik., 60. 300 (ls97). 
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to bo formed, do not occur in the complete ab.sence of moisture and if the 
mixture is rK)t overheated. LeHIunc,* who measured the conductivities at 
IH® of lead, potassium and barium fluorides and mixtures of these, found that 
the conductivity of lead fluoride is doubled by the addition of 5 per cent of 
barium fluoride, and becomes five times as ^reat by the addition of 5 per cent 
of j)otassium flu<»ride. Th<* increases are smaller than tho.se found by Fritsch. 

Sometimes positive and negative ions are the carriers in solid salts. Tu- 
bandt^ finds that with solid silver iodide, bromide, and chloride the current 
is carried entirely by tin; silver ion. Faraday’s law holds to within 1 per cent 
with these salts and silver nitrate.^ A laycT of silver iodide was interposed 
between the .salt and katlxale. Jn the ca''C (d silver iodide the velocity of the 
silver ion in tlie solid was 0.55 X 10em.,>c. per volt i)er cm. at 145® C., 
approximately the same as its value in aqueous solution at 18®, and double 
this value at 552®. In the case of lead chloride the current is carried by the 
chloride ion, and in lead fluoride by the fluoride ion. Above 180® silver 
Huli)hide is a true electrolytic conductor, the silver ion carrying the current 
and moving with a velocity of 0.11 cm./sec.‘‘ The cubic form of cuprous 
sulphhle is a pun; electrolytic conductor, the metal ions carrying the current. 

Conductivity measurenKuds with hydrogen ab.sorbed in palladium have lc<l 
to the conclusion that solid solutions,’’ or a solution of hydrogen, probably 
monatomic,'' are formed. 

Electrolysis of Fused Salts: After the experiment’^ of Faraday, already 
mentioned, the problem of the conduction of fused salf.s was taken up by 
Matteucci ’ and by Hraun,'* both of whom paid careftd attention to polarization, 
since diri’ct curreud. was used. Hraun was led to a speculation as to the state 
of salts in sohdittn which approaches the ionic tlicory.'^ The application of 
alternating current was made by Kohlrauscli.''' Fousscreau" detormineil the 
specific conductivities of a number of fused suits by variou.s methods, paying 
earefid attention to polarization, the eiTect of temperature, and viscosity. 
Houty and I’oincart!'* us(‘d the method which liad been ap|)Iied by IJouty to 
solutions (see later) and ob.served tiie conduction on the walls of the glass cell 
at high teniiieratures. 'I'liey found that the eonduc’li\ity of mixtures of similar 

' /. Kliktriuhnn., 18. (liH’J): of apparatus. 

■‘X.duoru. ('hiin.. 115, lt»r) (102I). 

*('f. Tulmiidt aiul IsK^otl. Z. Cfum , 110, I'.Mi (l‘J’JO). 

<'n»p nf follows l'aiaila.\’s law t‘\a<’tl\, Tuhaii<lt, Kanori ami 

Z. anorii. (‘him., 117, 1 (1021). MixOiros of and \n <lo not fi>llow the law (TvjbanJt 
Hiid IsKiaTt, liiiii., 117, ‘IS) until all (hr tire ^\\\vr ha- miL'rate<l to (Ik* kathode and pure .\k;'s 
remains. 

^Sieverl.s. liihinot. Z. Mihilhnimithif, 3. dti (1012). 

"Smith, /Vor. .\ot. Arml Sn . 7, 2S (1021). 

■ dim. (/.’ C/um , 15. dOS (IS-1.’>). 

/’A mA. 154, 101 (ls7.*>). 

"lauxTix. Klekto>l.\so KOM’hm Salze. ii, lOI. 

'“dmi. Vhysik, 17. 0-12 (lS,s2). 

.tun. ('him. Phyti., 5, 241, dlT (lSvS.>). 

.Urn, ('him. Phys., 17. .V2 (ISSO). 



COXDVCTAyCE, lOMZATlOX AM) lOMC EQCIUHRIA Ml 

salts was ailditivo. Poincar^' tiu'u carrictl out aii (‘\tt*usivo invostiKati 4 )U on 
the conductivities of fused salt-' at variiuis tenijK'ratures. The coiuluctivity 
increases with temperature more rapidly than linear ju'OjXirtionality, and tlje 
formula 

K, ^ h„[l - (((/ - /y)] 

wa^ not exactly obeyed. Tlie pro<luct (i<l where d = dendty. was constant. 
Tlie ratio of the molecular conductivities of sodium and potas'ium salts was 
indcpoiulont of the anion. An exten''i\e series of measurement'' was aUo made 
by (iraetz.^ The sul)ject Int". liowever, been principally advanced l>y the 
work of Richard Lorenz ami hi' cn-wurkiu- 

Tlie principal difTerence from the c-.i^o of Mdulious i.s that, whereas in the 
latter case mixturi's of ^ohiti' and practically non-coiidiietini; 'oKent .arein- 
vohed. in the ca.se of fii'cd >alt' either onlv one sub'iance is present <tr the 
eoinponents are conductors of tiie same clas'. In spite nf this jireat dilTerence 
the ions deposited art' the same m both cases, :ni<l FaradaN'V law is obeyed, 
with tin* same value of F= !><)..’dK) (a)ulonilts ('Ci' “l araday's Laws”). In 
the ileposition of siher the accuracy is ()()().'> ]>er e,<ml up to 2ii(r, and 0.1) per 
cent up to ()40°; witli lead tin* accur.-icv i- about 1 p«T cent up to 

The conduefivitv is mamlv eonditi"Ucil by the lempiTatuie. and the attempt 
to connect if with the denroe of ionization, as m Mic case <4 solutions (</ is 
not possible.^ Polarization is <d)H'r\ei| m tin- eiectroivsis of fusial sail', and 
cells of the Daniell typo, as well a' fho.'O with Inpm! junctions, may l>e 'ct up 
with fused salts,the IbM F.'s beiiiK <4 the same <ualer as in mpieous solutions 
Frce/inK point measurement' indicate that eoinpI(‘\ 'alt' are 'omefitiM's 
formed, and complex ions are theicfore pro!ial)iy pn-'cnt. Surface tiui'ion 
measurement' indicate stronn a"oeiatiou • of fii'od salts 

The migration of ions has been <ilMU \ed in the ease of fused salts,"* but migra¬ 
tion ratios cannot be calculated, 'ima- “'ohmit’’ is identical with “solute” 
In the ca'O of a jiarlicular mixture of lead chlondi' ami pota"ium idiloride 
coutaininjt about 7 j)er cent of the foitiier, all the len<l ileposited is taken from 
the vicinity of tlie kathode an<l no lead nuis nio\e thmiinh the mass of the 
liquid. 

' .trui. <7nm.. 21. JVI (IVtO), r,o(,./.108. 110, l.{'MlsV.i). 

* .tfoi. Pht/sik, 40. is (IsUli). 

' Klcklrols.■'.il/*'. I I'lii*. H.ill''. PMi< U, Z. iiln/’ok <'h‘in. 70, 210 

(1910). ilio f<)l)i)\Miur iua-ouiil 1 - tnaiiilx cl«ii\nl tr<<m sounr-, <'X<c|)t. for IuOt work. 

* f'f. Unini ami Srurpa. Alh ii .Iw;// 22. i, I ts (I'.M.I), luliiimlt. aii<l l/in-n?,, 

phy/ttk. ('hnii., 87, ol.'i (I'lU) 

* IjOrcilZ, y? ]ihipik r/ii ;m . 70 , 2ao ( 

® Lorenz, hx. nt. No j)oliinz!»l loii «;i- lo lln- <1«< trol\ of potas'intn nulnlo 

III fused iodme. (J. X. and WIh-cKt, / phi/yif. Chnn . 56. 179 (LkH)). ('f. I/<»n“nz, 

Klektrol.\!rf>. jii. I IT. f<»" dctioF. 

M>-.ronz. Z. phyxjk. Chfw . 70. XiS Muim. W ald.-n. Hull. AfutI hhrsh. 40.') (1914); 
Z physik. Chem., 75, o,)5 (1910). Walden and iswjum’, ilurl . 76, 7lMl (1912). 82, 271 (1913); 
Liehmann./>!««., Zurich, 1900, HorliU-rK,/Zo' i raiikfori a M , 191.', I>)r«-nz and lIochlH'rg. 
Z. onorj;. Chem., 94, 301 (1916). 

* Lorenz. Z. phy$tk. Chem., 70, 234 ff. ^1910), 
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The experimental methods of determining the conductivities of fused salf^ 
have been described by Lorenz (loc. cit.).' 

Lorenz and Schultze investigated the conductivity of fused zinc chloride 
between 2r)0° and 700° in a hard glass cell with silver electrodes, resembling 
the Arrhenius cell. Lorenz and Kalmus used platinum electrodes in a hard 
glass or (piartz cell, two circular electrodes being separated by a capillary 
ve.sscl. Aten used carbon electrodes; for good conductors a peculiar type of 
cell was used.^ A general source of error is the conduction of the glass at high 
temperatures. Arndt used porcelain U-tubes with platinum electrodes. 
Arndt and Gesslcr’ worked up to 1100°. 

The chief sources of error in the measurements are;'* (1) evaporation of 
<leposited metal, increasing at higher temperatures; (2) chemical side reactions 
(e.g., (.'a + GaC-di = 2GaCU); (3) cloud formation, when the metal does not 
separate in compact form but is diffused through the fused electrolyte in the 
form of a very fine cloud or mist; ‘ (4) colloidal solution of metal in the elec¬ 
trolyte; (5) complex formation at the anode; (6) recombination of the deposited 
substances. The formation of fog may be prevented to some extent by the 
addition of another salt, e.g., KCl to I’bCl., BaClj to PbCL, etc., the effect 
being Buppo.sed to depend on changes of surface tension between the metal 
and fused salt.* 

The conduction of fused salts is characterized by Lorenz as of the Grotthus 
tyjie (see later), as contrasted with the llittorf tyjie (moving ions) in the 
case of solutions.’ From considerations of the ionic radius he supposes that 
there is an exchange between ions and molecules.* An approximate calcula- 

•Cf. Ijorenz amt KuIiiuim. Z. phyitik. Chtm., 59, 17 (1007), Scluiltze, Z, atwry. Cht-m., 
20, (1809): HeUc'iistfiii, iltid., 23, 2r)r) (1900), I.ri)ronz, ihtd., 23, 97 (1900); (IrUnauer. 

ihid., 39, 389, 404 (1901) (very dctailod); Quinrkfi, Phy^ik, 36, 270 (1889); Aten, 
Z. phymk. Ckcm., 73, 7)78 (lOlO); 78, 1 (1912); Arndt, Phy,Hikiili»rh-('hem»sche Tcchnik. 
p. 592; Hit., 40, 2937 (1907), cf. I,<»roii7i, ihul., 3308, 4378, JiiOKf'r and Kapnm, Z. unorg. 
Chem., 113, 27 (1020); AppoUiorK, dnd., 36, 30 (1903); Aurrlmch. d>td., 28, 1 (1901), I/)renj, 
Eloktrnlywi, I luid ii. Arcordinn to Furuday, Kxpt. Uos., .>th Series, 1833, p. 133, Davy in 
1802 found (Imt, fusod nitrf, caustic potash and soda arc conductiiiK. Faraday (loc. cif.) 
iiiVcsliKatctl iiiiiny lust'd salts and fountl that tlicv wore decomposed nccorduiK to the law ot 
electroclu'inical ciiinvjdcnts. The urcat inflin'iicc of traces of moisture on conductivity wa> 
realized hy Schultze, Z. onory. Chrm , 20, 323, 333 (1899). 

^Z. Citcni., 66, ()r>3 (1909). 

> Z. Klckirwhcm.. 14. 002 (1908). ('f. (loodwm and Mailcy, Phys. Hev., 26, 28 (1908). 

♦ I.,4)rcni, Klcktrolyso, ii. 32 f. 

^ This iu shown csi«'cially in the clcctroly.-tw of lead lalt.-i in clcctrolv tes containiiiK alkalies, 
it increases with tcmpt'raturc. See Lorenz and llclfcnstcin. Z. amrg. Chem.. 23, 2r>o (1900), 
Schultze, ihid., 20, 32;i (1899), (Jrhnauer, ihid., 39, 389 (1904), Lorenz, Elcktndyse, i, 136 f., 
ii. 40 f. 

• liorenz, Z. Kkktrochcm., 13. 582 (1907), Xermt Fcalschri/t, 260 (1912); Lorenz and 
ApiMjll)erK, Z. finorj;. Chcin., 36, 30 (1903); Walden, loc. cit. 

^ Z. pkysik. Chem., 79. Oil (1912); Flock and Wallace, Trans. Farad. Soc., 16, 340 (1920), 
think that, since Ohm’s law is strictly olx'.\od hy fust^l caustic .soda, the ions are already 
formcfl and no energy i.s ro<iuircd to disrupt the molecule. The argument U not decisive 
against Lorenz's theory, since the energy of recomhinntion has not been taken into account. 

" Z. i)hu.-nk. Chem., 73, 253 (1910). 
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tion gave the dissociation of XaXO. a. 31,.-. per cent at 3SS”. The method 
of calculation is as follows. The Hittorf cm.loclivity i.s obtaineil by dinding 
the observed conductivity by 2, since the speed of the ions is 2 to 3 times that 
calculated from the atomic radii, and the limiting value is found by Kiiisteiii's 
formula, making use of the viscosities aiul radii of the ions in water and in the 
fused salt.’ It is assumed that the effect of temperature on the degree of 
ionization may be neglected.’ liiiisteiu’.s formula gives for the velocity of 
motion of a particle of radius r in a medium of viscosity ij tlie value: 

fi = /v-GTTijrV,,. 

where A0 “ nuinbor of hhiIocuIo.'s per ^nnii imoIocuIo iukI K is tlie ilriviii^ 
force Applied to the particle. If K in dyucs, n Is ^iven in ciu. j)cr see., iind 
the constant is then calculaldc. It i- :i’"iMnr<l that (lie inobililif's in water 
and in the fused salt are iiuersely |>ittp..iii,„ial to the \l^.awltio^ aiul radii 
(as indicated by the formula): 


and further tiiat tlie radius of the ion at li-a'-f \ cry approximately, t lie same 
in both cases, i.e., r* = r„. The xaliie of t)ic limit iiiji ctpjikalcnl comlnctivity 
(see later) is then f^iven by 

('0, d- f'o) ’ 

also A = x/c, where c i< tiie conccnlralion of tlic filled sdt It will be seen 
that the calculation is somewhat ''peeidalne in character. 

Tlie measureinont <if tlie \ i’'Co>ities ef lilted .‘'.alls is ileseribcd iiy Lorenz.* 

The experiments of Poincare (Icr. nl.) indicate that the i<mization of a 
fused binary salt is independent nf leniperatuie, the f■l|.an|^:e^ nf comlnctivity 
being <letcrminetl by cliatigo> of \i'eos|t\ W Ihmi a fused s.dt sulidifics, an 
enorinouv change of conductivity occii?', but Safdiaiiow ' consnler.s that this 
is entirely accounted for by the gieat M'Cositv change’, ami that salts are 
ionized to the ^amc extent in the ,solid and Inpiid .states:, This in harmony 
with the most recent view> on the .stiuctuie <if cry.stjils (see later). 

The conductivities of salts dis.solved in fused .salts have heen im’asured by 
various investigators. Tlic molecular comiuctn itii’s of such solutions arc 
high and usually decrease with dilution, whilst tiie oiiposite liohis for aqueous 

' Z. phymk. Ch< m , 73. (llMOi 

*2. pkystk. Chun.. 79. (1912;. H't . 40, .tiOs (l'-»07j. <»f valiirs <it in X. 

phymk. Chrm., 79. 1m (1911)). 

* Z. phymk. Chm., 73, 21-1 (iOlll), Lot. ti/ .ind \iii)i‘llH‘rii. Z. nmry Clnm , 36, [tl)0:i). 

Tuhandt and I»renz, phy.'ik. Cliori . 87, .'im il'Ht). 2\rmil, Phvsikul. rtiom. 'IVa-hnik, 
1915, p. 585. Walden. BuH. Acn.t. Sn /'.CrJ. . l<i.*. (1914). .Srlmizc. Z. KhktnKhnn.. 19. 
122 (1913), ftndi the decree of iiiiiiznlioii of fill’d to l»c 1.17 X 10'* to 1..3.) X 10'* at 
461®. and of AgBr. 2.35 X 10’* at 4.'»0“. in aicn’oim-ui with .Ms-kk's valucH, Imseil on KM.K. 
measurements (iM.. 5, 353 (lS9t))). KIei'trol\»i'* of fused K'l und IBr, llruiuT and Pokier. 
Z. EUkirtKhem . 18, 36H (1912). 

*J. Rwta. 1‘hyH. Chem. Bor., 48. .3)1 <1910). Lorenz. Kloktrolyw, in, 289. 
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fiolutions.* Measurements with chlorides of csesium, potassium, sodium, 
ammonium, copper (cuprous) in fused mercuric chloride at 282® with platinum 
electrodes in a special apparatus were made. Solutions of mercurous chloride 
in the same solvent were non-conductors. Chlorides of bivalent metals arc 
nearly all insoluble in fused mercuric chloride. Sackur^ found that the laws 
of dilute solutions held for .solutions of silver and cuprous chlorides in fused 
sodium and potassium chlorides for concentrations up to normal. By E.M.F. 
measurements he found that the ionization of the solutes is of the order of 
10 per cent, and is independent of concentration. 

Electrolysis of solutions of lithium carbide in molten lithium hydri<le leads 
to separation of carbon at the anode, whence it is concluded * that the carbide 
is ionized. Nitrides of alkaline earth metals in the corresponding hydrides as 
fused solvents appear to be similarly ionized. Lithium hydride itself, in the 
fused state, gives hy<lrogon at the anode * and probably ionizes as Li'*^ + H~. 

Tlie conductivities of mixtures of fused salts ^ are loss than those calculate<l 
by the mixture law, ami the isotiiorms sometimes exldbit minima, indicating 
combination. No singular ])oints are shown when c<md)ination occurs, except 
in the case KCl-CaCU. Benrath and Drekopf ® measured the specific con¬ 
ductivity of molten mixtures of KmS 04 witlt Na2S()4, MgSOi, KF, and Li 2 S 04 . 
They find that the eutectic is a well-defined conductivity })oint. The specific 
conductivity depended on temperature according U> the equation log <c -f 6T 
= const., which they also found to liold in the cu.se of pure fused salts. 

The electrical conductivity of fuso<l salts is more complex than that of 
solutions, both from theoretical and experimental points of view, 
y" Theories of Electrolysis: (JrollhvH’ Thforn: An explanation of the fact that 
the products of elecfrolysis sc})arated only at tin* poles was given by Grotthus 
in 1805.’ He supjm.sed that the passage of the current and the chemical effects 
were due to a series of successive decompositions and recombinations of the 
particles of the dissolved substance. In Fig. la let AB, AB, ••• represent 
molecules before the current passes; these are orientated by the attraction 
of the poles in the manner shown. The molecule next tlie positive pole is 
decomposed, the B being.attracted and set free. The A afum, now 

without a partner, takes the B atoiti from the next molecule, and this goes on 
until at the end of the chain the un])aircd A is set free. This stage is 
shown in Fig. 16. All the molecules rotate so as to present B sides to the 
positive pole again, as in Fig. Ic, and the process is repeated. The cause of 
decomposition is thins assumed to be the attraction of the poles, which had 
been assumed by Berzelius and Hisinger" to vary inversely as some power of 

* KooJe and Martin, Amer. Chcni. J., 41, 451 (1909). 

phyaik. Chem., 83. 297 (1913). 

* (imiU and Benoit, Own/rf. rend., 176. 970 (1923). 

* Moetfi. Z. nnory. Chim., 113, 179 11920). 

Sandoniiitd, AHi H. Arcad. Liiuri, 24, J, 010 (1915), Oa:ctUi. 50, i, 289 (1920). 

•Z. phys. Chan., 99. 57 (1921). 

’ -UiH. Chim., 58, 54 (1806); 63, 20 (1808). The fir-'t paper was printed in Rome, 1805. 

*.4nH. C'Aim., 51, 107 (1804). 
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the distance from the pole. This view was di.«!provetl by Faraday.’ He con¬ 
nected two platinum strips, kept at a fixed distance apart, with a pilvanometer 
and immersed them in dilute acid tlirough which a current was flowing. The 
deflection of the galvanometer was the same for all positions (d the strips be¬ 
tween the poles, indicating a constant force. 

Faraday also showed ^ that chemical (h'com- 
position could be produced without metal 
electrodes, e.g., by allowing the electric dis- 
charge from a pointed wire connected with a 
frictional machine to impinge on turmeric 
paper moistened with sodium suli)hate solu¬ 
tion, the other end being eartheil. Alk:di wa< 
liberated. He also showed^ that wlien a curnud was pass'd thnmgli a strong 


[1® 10 OB b 


I Duiitriiin illusirattiikt 
(,:r<ittlius‘ 'fliisin 


solution of magnesium sulj>hate coxeied with a la\«‘r of water, magnesium bv- 
droxido separated at the junction of (hi* t uoliipnd'.althouglj imelectrodewassd- 
uate<l there. From this and «)tlter e\])eiiment' Faradayassutued that thedc'com- 
position was passed on from one s.ilt j)artieli‘ to the next tlinuigli the solutio?i,and 
did not jiroceod where tliere were no contiguous salt particles, aud he a<l"pted a 
modification of C’.ndtluis’ {he.)ry ‘ ‘ the elTeet is produced i)y an interna! 


corpuscular action exerteil acconhng to the <iirection of the eh’ctric eurreiil, 
duo to a force either superadd<‘d to, <ir gning dir<‘ctioti to the ordinary cluuuieal 
aflinity of the bodies present. The l)o-l\ under decomposition may bo con¬ 
sidered as a mass of .acting particles, all th.M- wliieli are iiiHiided in tlio euursc 
of the electric current contrilmtiiig to lli<‘ iinai c-lTect; and it is lieeause (In' 
ordinary chemical affinity is relieved, weakened, or partiv neiilrahzed i>y the 
influence of the electric current in one direction parallel to the course of the 
latter, and strengthened, or added to in tlie opposite ilircction, tliat th<* com¬ 
bining particles ha\c a tendency U< pii's in upposite courses. . . . I’artich-s 
an could not be transfcrroil or traxel from tiie |>ole .\ towards tlie other / unlos 
they found jiarticles (tf tlie opposite kind bb ready to pass in the cimtiary 
direction.” Also ^ “tlie free substance rnmmt travel, the combined one ni/f." 

Nomenclature: Faraday found it necessary !<• invent new name.s in the 
description of hi.s e.xiieriments. The pules are only tlie doors or wayn by 
which the electric current passes iiitu or out of the decomposing bod\, Ikmicc 
they were called dcdmhs (riXtKrpoy. amber, with wliicii electrical effects are 
said first to have been observed, and 6o6i a way). The electrode by which 
the [positive] current entere<l wa.s called the o/oWt {avw, upwards), that by 
which it left, the knthodr (Kara, .lownwanls). The material decomposed was 
called tlic dedruhjle {f}\tKrpov, and Xi'w, 1 lo<.se). 'I'lie bodies which move to 
the electrodes were called whs, tliat iie.Mng to the anode being the anmn 


> Kxpt. Uo.H.. 1H33. .'3th Scries. 111. 

» Expt. Kos.. m:i, .jth STi< s. 131. 

» Expt. Rc« , IN'W. r)th Scries, 1-m. 

♦ lilxpt. Roh., lh:«. oth SiTics. 140. 

‘ Expt. Rc 9 ., oth Senes, l-jT. thr sane- o iiKiiataiiad by 

A»». Fiep.. p. 94.') (Ib8d): Pr»c. Hoy S,>r.. 40. .'(W (lssi»,. 


II. K. ,\rtoHtr'(iig. Brit. 
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{&ytup, that which goes up, i.e., up-stream with the positive current), and that 
moving to the kathode the kalion (KanoJi', that which goes down).* It may 
be noted that, although the other terms have their modern meaning, the ion 
of Faraday had scarcely the modern significance. 

Faraday distinguished between 'primary and secondary products of elec¬ 
trolysis.^ The primary products are deposited as such at the electrodes, e.g., 
hydrogen from acids, silver from silver salts. In early experiments the metals 
were thought to be produced by reduction by nascent hydrogen, regarded as 
the primary product; this was replaced by the theory that metals were primary 
products by Hisingcr and Berzelius,’ their theory being accepted by Davy, 
but rejected by Faraday.^ This view is now accepted. The secondary 
products are those formed by interaction of the primary products with the 
Roluti<»n or electrodes. When sulphuric acid is electrolyzed, the liberated 
reacts with water: 


VSO 4 4- lUO = USOa + 0. 

The theory of the constitution of acids which represents sulphuric acid a.s 
H 2 .SO 1 and not H 2 O.SO 3 is due to Daniell,’ who pointed out that in the 
electrolysis of sodium sulphate, besides .soda and sulphuric acid, hydrogen an(i 
oxygen are also liberated, so that the current appears to do twice as much 
work in this case as it does in the electrolysis of water or hydrochloric acid, 
where only one set of pnxlucts is formed. The hydrogen and oxygen in the 
first case can then be represented as secondary products, in the formation of 
which the current plays no part: 

2Na + 21120 = 2NaOH + H,; S 04 + II 2 O = H 2 S 04 + 0. 

Faraday’s Laws of Electrolysis: As ;i result of a h>ng series of researche.s,® 
Faraday was able to summarize the quantitative results of electrolysis in two 
very simple laws: 

1. The amount of chemical action is proportional to the quantity of electricity 
U'hich has passed through the electrolyte. 

2. Ions are lihvrnkd hy the same quantity of electricity in the /proportions of 
their chemical equivalents. 

Thus: the quantity of elcrlricity which liberates one gram equivalent of an 7on is 
always the same. It is called the. fnrnday, denoted by F, and the value now 
accepted is 96,500 couloml)s.^ 

The weight z of ion liberated by one coulomb is called the electrochemical 

‘ Expt. Hes., 7th Series, 10.'), tlu' njiiiu's iin* due to \Vh(nv<‘U; Danoel, Elektrochomie, 
I, 02 (1911). 

* Kxpt. Ues., 7th Series, 218. 

* .Ann. Chim., 51, 174 (1804). 

* Expt. Res., 7th Series, 219. 

Trarw., 129. 97 (1839); 130.209 (1840); 134,1 (1844). 

‘ Expt. Res., 6th Series, 145; 7th Serii-s. 195. 

^ Washburn and Rates. J. .4m. Chem. Hoc., 34. 1341 (1912); Bates, 34, 1515 (1912) 
Bates and V’inal, ibid., 36, 910 (1914), Vuial and Bovard, 38. 496 (1916). 
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equivalent, it is the chcmicnl equivalent divided by F: 

I = M,yF. 

where M = molar, or atomic, weight; y = valence. The weight le of ion 
deposited by a current of 7 am))ercs flowing for t second.s is: 

w = hi = IMtlyF. 


The value of F i.s based on the electrochemical equivalents of silver and {mipst 
recently) of iodine.' 

An accurate value of F and a reli:d)le inetluHl permit of accurate measure¬ 
ment of current by the electrochemical method. 

,\s a result of numerous experiimuits l-'araday'.s law is found to be exact, 
with an accuracy of 0.01 per cent in the best cases. 'I'he relation is independent 
of current strength (when all secomlarv effects are eliminated), and holds m 
the case of different solvents'^,- or oven iti the ah-onco <'f s"lv('nt {fused Kiilts). 


The law is probably strictly exact. 

The Electronic Charge: The exact pruportiiniaiitv botwocn charge amt 
mass of an ion leads almost necessanlv to the assumption, made by Helmholtz 
and Maxwell,' that the current i- carried convectivelv by the ions, each of 
which is associated with a fixed charge, the unit charge being that on a nniyalent 
ion, and the charges on other ions l.eiiig whole multiples of this unit charge, 
FaradaV had suggested tliat ‘ if we accept the atomic theory , the 

atoms of bodies which are equnalents to ...their ' V. 

action have equal quantities of ,.|ectric,ty naturally associated ‘ ’ 

but he straightway throws doubt on tliis hviiothesi' .im.in am . 
rausclf .sugge.sted that miis are cliaiged eleetncally IliHorf po iitid 
that salts, the constituents of whieli were reganled as having the I"'" [ 

affinities are just those sub-tanees which conduct bes, in solution (e g M I), 
whilst those exhibiting weaker aflinities (e g Hgfld are miic less co'e 

On Helmholtz’ theory, the fiimlamental miuc 'I,' 'd 

f/V. where A'o is the numb.T of molecules per mol. .1. blomj n.i ind 
thk ;nit charge the cUctn.n, and made a rough estimate of its magnitude 


‘ p’or literature ^et• itreviou' rluiiitcr 
* Kahlcnberjr. J. Phys. Chan., 4, 


S|nTaii''ki ami (joltllx-iK, 


Hnht Phyit. 


Ctioin. Soc., J2 7117 (I'JOtt). i|,.l(,,„sn la, itct. 23. iV. .XmTlmcIi, 

•Lorens, A onerg. t/icm.. 23. 3' <'■ '■ s„|,„ „ .q IT U„tiurds and Snitl./'mr. 

,6«., 28, 1 tlWl); Loronr, Klcktrob- a.. . ‘ J,, , kM„ and 

.tm. Acad.. 38, 409 (1902). ; - j j p, 

NaNO. to 1 part in gO.IXH). Prcsoir.- ap O' l■■0" ■‘in, 

Z. EUktroehem,, 19, 132 (19131. 

•.4nn. PtilMit-, 11, 737 IlSMO 

‘Treatise on Elcctricily, IW,!. .'n 

‘Expt. Res., 1.W4, 7th .Sene-. 2.V'.. 

’Gilbr.rfs .4nn., 8, 197 ILSOD. 


• .4nn. PAlwit. 97, 397 (lH.-,li,. 

• Sec under " Migrntioii of Ion- 
o Proc. Dublin Soc . 3, .>1 (IsM). 
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from the value of iVo given by the kinetic theory of gases. Recent progress 
ha.s enabled the determination of -Vo to be made with an accuracy of about 0.1 
per cent, as explained in another part of this book, so that the value of the 
electronic charge can bo determined with similar accuracy. In practice it is 
better to invert the calcidation, starting with the value of the electronic charge 
determined by Millikan,' viz., 4.774 (± 0.005) X lO"'* electrostatic units 
= 3.3.3442 X 10-'“ X 4.774 X 10“'“ - 15.918,8 X 10'“ coulombs. Then; K, 
= !)(i,.500/15.918,8 X 10"“ = 6.06 X lO'", which is probably the most exact 
value of the Avogadro constant known. 

The electronic charge is capable of independent existence; it always has a 
negative charge, so that a negative ion is one having an excess, and a positive 
ion one having a defect, of electrons, as compared with the neutral atom. .4 
positive electron in the same sen.se does not exist, .since although the mass of 
the negative electron is only 1/184H that of the lightest atom (hydrogen), the 
smallest positive charge known, equal but opposite in sign to the negative 
electron, is the hydrogen ion, or, according to the prevalent theory of atomic 
structure, the jmsitive nucleus of the hydrogen atom, produced from the latter 
by removal of the orbital electron. This fundamental positive charge is now 
called the prolnn.- 

In metallic conduction, the metal is assumed to consist of free electrons 
and positive ions of metal, and the electrons only move, in the opposite direc¬ 
tion to the conventional current. In electrolytes, both po.sitive and negative 
charges move in association with ions, but the current is mit usually carried 
equally by both ions.’ 

Theory of Electrolytic Dissociation: It is but a step from the con.«idera- 
tions advanced to the a.ssumption that ions move in a state of freedom, but 
the actual order of discovery revor.seil this procedure, and the electrolytic 
ions were postulated before it was imssible to demonstrate the existence ol 
free electrons, drove,' from experiments on the gas battery, assumed that in 
the separation of hydrogen and oxygen from water no decomposition of the 
water molecule oecurreil. Williamson assumed an exchange of radicals in 
solutions of mixed salts; he made the assumption that, in a solution of hydro¬ 
chloric acid, exchange occurs between II and Cl atoms in dilTercnt molecules. 
It would perhaps be reading too much into his speculations to assume that they 
forcshadowetl the theory of electrolytic dissociation. Clausius ® adopted 
Williamson’s theory of interchange of radicals, on kinetic grounds, but he, 
also, assumed it to take place to a very small extent only. This agreed, as he 

‘Tiio Hlorlroa. 11117; l‘hii». lin.. 2, toil (llliai. riiil. .Unii.. 34, 1 (1917), IVrriii. Les 
Atiiinos. (Klin. Ir. ('Iiivps. Ill iiiid IV 

* At'portliuK lo Arttftn. IsotopoH. p. tin- iiniiip was MigtcMeil by Hutherford at the 
British AHsoriatioii MtrtiiiK in U('20. 

»S('e "MiKratiDn of Ions.” In .some easfs pruftioally all the current i.s rarrietl by one 
ion, ami in solutions of alkali metals in non-aiiueous M>l\ents. it nia> lie canioil !>> free 
electrons. 

*PhiL Miw.. 27. 

77. :I7 (IHTkl); J. Chem. Soc.. 4. IIU 

• Arm. P ysik, 101, JI3S tlSo7). 
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pointed out, with the fact that a very ^inall K.M,F. only is re(piired to elec¬ 
trolyze silver nitrate between ^ilver electrodes so tliat practically no work 
was used up in splitting up molecules. 

Arrhenius* first assumed that 'alt' in solution are t’xfcusfrch/ broken up 
into ions, i.e., ckrtrobjticaUy or ooo.'cd. In very tlilute >olutioiig 

the ionization, which incron.'^O'^ with ilu' dilution, becomes in many oases 
practically complete. Thi- theory explained tlie abmirmally large ovniulie 
pressure,s of solutions of electrolytes, and a Minilar explanation was pnt forward 
independently by Planck* from another point of view. In both cases it was 
recognized that, if the laus of dilute -olntion are to remain \alid, an iiicreaM' 
in the number of particle^ mu^t have occurred in the 'ohilion of an electrolvle. 

This theory, naturally, met witli little suppiut from the conservative 
chemist, but although many attempts to bring forward really destructive 
4d)jections liave been made, tlu‘ dexelopnu'iil of pb\>ics lias jmt the tlmory 
on a very soli<l foundathm. In its ]uo>t modiMii form, m fact, the tlu‘<»ry 
assumes even the soIi<l .salt to Ix' made up «tf uut-. ami soim> phv>icists would 
go M) far as to assume complete ioni/.alinn of botli iu the .solid ami dis- 
-olved forms. The examination of er\'(ab hv X-rays has iiuHcated that 
'odiiim chloride, for example, con-ivt^ imt of Xat’I molecules but of Na^ and 
(T' ions arranged in a space lattice, and in '•olulion •.ucli a crystal would simpiv 
fall apart into its ion.""' Such a con''titiition of >;d! erx'-tab is in agreement 

with their ojitical and elaMu' propertic', ami with the ... of atomic 

''tructiire. 

The notation U'-eil in repre'enting mu-, due lo O.-twald,’ m to write* tin* 
-ymlMd of the ion, witli a mimlier of dot- or da-he- for the number of units ttf 
positive or negative charge*, re‘-pe‘cli\e‘K, e-aiiie'tl bv the’ ion d'liis iiumiH'r 
repre-'Cnts at the* -anie time the xaience* of the mn 'rhim 

II,SO, II P II.M.),' II 1 11 1 SO/' 

rej)rese*nts the ])re)gressi\e* leitii/atmii of -ulphunei aci'l on llie a—iJiiiiilio;i that 
lonizatieni increase*.- with elilutioii ami that mns ;iml moIe‘Cule*s are* m ehe'inicil 
♦■quilibrium. lonizatieni ma> occur lu '(age-, and e*xce*p( at high ehlutieni, 
Usually tlic first stage eiuiy m appieeiabh' Tlie* -um of dm po-i(,ive- ami m*ga- 
tivc charges on the ienis m alwa\- /.e ni. -ima- dm -eilutmn i- eleetneaily iie*u(ral 
as a wheile. The chargeel mn- in i-le-cireilv-i' are attiaetixl (o the* eleM’lrenh's e»f 
Opposite sign, and gi\c* up timii e haige-. 'I'lm uncharged partiele-s may be 
capable of independent exi'te'iice, eir iiia> form inolee-ules of the- same* cenn- 
positioii, or may react witli the solxent (o loriii secomlary prexlucts. 

Whether ioiiizatie)?) is due -miplv to the- falling apart of the- twei parts e>f 
a molecule on .solutiein, or whe-ther it m dm* to llu* previous iiiti“iae*tion between 

*2. Mi/siA-. r/xw.. 1. Ml (issTi. IPiii.M - \<.l, 1. p. 17 

P/iy«jA-. 32.‘iniMlSs:). /. J. .*.77 (|Hs7j 

’ Cf. B. Cabrera, Ami. Fi> Qinm , 16. |S(i 11 ‘JIS) 

• Gnindriaa tli?r Allj?e‘nioiiirii CIh imh’. Jaap/iif. 1'KK(, p -141, cf. alk'-r, ^ \ < </«, 84 

102 (1901). 
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solute and solvent,' cannot be said to have been definitely decided. Kendall: 
adopts the second supposition, and conclude.? that two non-associated .sul,. 
.stance.? which are eheinically inert do not give a conducting solution. Ioniza¬ 
tion is always accompanied by interaction betw’ecn solute and solvent. Tend¬ 
ency to compound formation (solvation) and ionization are parallel, and 
ionization in ({oneral is supposed to be preceded by compound formation. 
This union of the so-called “chemical” theory of solution and the theory of 
electrolytic dissociation is interesting and promising, but it does not yet rest 
on sufficient evidence on the non-aqueous side. 

Evidence for the Theory of Electrolytic Dissociation: The theory of 
Arrhenius has a good deal of experimental evidence which may be called upon 
in its support.’ Thi.s may be summarized as follows: 

1. The (jualitative reactions of such substances as KCl and KClOj indicate 
that the reactions of chlorides are duo to the chloride ion and not merely to 
chlorine present in the molecule. KCIOs gives the ions K' and CIO/. In 
quantitative analyshs, also, the effects of excess of reagent are explained by the 
theory (see “Solubility Product”). 

2. The arlditive properties of solutions are clearly oxi)lained by the theory. 
Valson showed that the surface tensions * and densities " of salt solutions could 
be regarded as the sum of three separate magnituiles, characteristic of the 
solvent, the metallic constituent (kation), and the acid radical (anion). Other 
additive properties were showui to bdlow the same rule, indicating the separate 
existence of ions in the solution,' notably the heat of neutralization of a strong 
acid by a strong base in dilute arpieous solutions. This is always KI.R.') 
kgm. cal., the heat of formation of water from ions: II'-I- OH' = HjO, e.g., 
ll'-h Cl' + Na'-h Cl' = Na'-f Cl' -f- II-jO -P Ki.6.') kgm. cal. This result has 
been confirmed exactly by the refined experiments of T. W. Richards and 
Rowe,' who find that the heats of neutralization of potassium, sodium and 
lithium hydroxides by hydrochloric, hydrobromic, hydriodic and nitric acid.? 
at 20°, when extrapolated through a short range to infinite dilution, vary only 
between the limits 13.G2 and 13.Cl) kgm. cal. 

3. The calculation of the diffusion coefficient of a salt from the conductivity, 
and the effect of chlorides on the diffusion of hydrochloric acid," are in perfect 
agreement with the theory. 

‘ (‘iiirnicum, Z. physik. Cktin., 69, U(» (IIMH)). 

^ Proc. Nai. Avad. Sd., 7, 50 (1021): KoikIhII uti<l lloogo, J. ./Iih, Chem. 6W., 39, 2323 
(11)17): Kciuliill anil Urosn, ihul., 43, 1410, 1420 (11)21); KciuhUt, Davidson and Adler. 
ibid,, 43, 14K1 (1921): Kendall and .Andrew?*, ihtd., 43, 154.5 (1021); Partington. J. Chem. 
Soc.. 97. ll.')H (lyiU). 

’Arrhenius, Furadnv lA'oturo, J. Cfu'm. 105, 1414 (1914), Giblw Addnvss, J. Am. 
Chem. S<H', 34, 353 (1912); Tratut. Farad. Soc., 15, 10 (1919), ef. Dhur. Z.'Klcktrochem., 
22. 245 (1910). 

^ Ann. Vhm. Phys., 20, 301 (1S70). 
mid.. 73. 441 (1874). 

•Ostwuld. Lehrlmeh. vol. 1, " Snlzlosunyf n " 

TAm. Diem. Net',. 44, 0vS4 (1922): of He.Hs. .Dui P/iy.-tiA. 50. 385. 52.97 (18-12). 

* .\jrheniu8, Z. iihysik. Chrm., 10, 74 (1892). 
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4. The colors of solutions at high dilution shoidd be additively composed 
of those of the solvent and the two ions. With an uncolored solvent, such aa 
water, and one ion uncolored, all solutions td salt.s with a common colored 
ion, e.g., all permangunate.s. should show the ^anu' ab.sorplion spectrum. This 
was confirmed by Ostwald.' 

5. The experimental fact that the e(pii\:dent eondiiotaiice, inerea.ses with 
dilution, but ultimately approaches a limitins eoii^taat \alue at high ddntion, 
is very simply explained by the theory ('ce later). 

6. The excellent agreement of Ostwald's ddntion law (q r.) for weak acids 
and bases is strong evidence for the theory The disagreement of strong 
electrolytes is a difficult pndrlem, but no suggestion towards an exidanation 
of the deviation has been made which does not assume electrolytic dissociation 
in some form or other. At very high dilutions the law probably bolds even 
for strong electrolyte.s.'' 

7. The abnormal freezing point depressions for aipieoiis solution.^ of salts 
can be satisfactorily explained by the Iheoiw. Xo>es and Talk" show that 
for solutions not more concentrated than U 1 ii. the ionization cidcnlated from 
the freezing point does not dilTer from that ealcnlaled from coinliiclivily by 
more than 2 per cent in the case of electiolyles containing two univiileiit ions. 
Hygroscopic salts with bivalent kalioiis show greater depressions than ealeiilii- 
tion requires. In a valuable series of jiapers No>es and I'ldk have coileeted 

the data for freezing point lowering,' transport nninbers,'' and ... ‘ 

of aqueous solutions. In the last paper the rabies of the ionization of the 
salts at various dilutions arc gireii. 'I'he ionization is not an additive property 
with respect to the ion constiliicnt', and is not relaleil to the mobilities of the 
ions. The ionizations at l.S° and 2.T agree within the limits of experimental 


error. 

8. The velocity of reaction shows (hat those acids are strongest which are 
most conducting in solution, and (Ktwald thoiighl that the catalytic aetivity 
of acids in hvdrolyziiig methyl acetate was proportional to the condiietivity. 
Arrhenius iii'lS.SO showed that the actnitv was proportional to the If nin 
concentration, but recent work has inoddied this xiew. 

Specific, Equivalent, and Molar Conductance; The relation between resist¬ 
ance, current, and pressure (potential .. between the end., of a con¬ 

ductor) was summarize,1 by G. S. Ohm ' in the well-known law. If Ii is the 

>Z. phys,k. Vhnn , 0, (1.SUZ), ■( tiowoer .. l.y Ilow-Oem. .\a.l.as„i. Prowl,. 

Coohr.no and Gray in Tree. Ii.,y. S... Kd.,. . Vm lUM Pnghl. J .See . 103, 

(1913)' 105, Wit) (inH), fin,:, 1 iKil strong .„ el- exm ll„' .-ana, „l».r|,liv,,. „ower on light a. 

theirsall., whilst weak „nd.s llnile di-so,land, of,.a,-how 

pected. Seo also the mlereslma napers of S.hah r, / ■<,...<« ' tem . W. .s.,. 08, ,0 (I IPI,. 
Z. Phiirik. tVm , 03, 312 (PU‘.I,. and lla..tr.-eli, /hr . 50, 

'Washburn and Wcilund. ./. .I'«. ' P, '"I 

* J. .4m. Chem. S<ic., 34. 451 (11H2). 

• J. .4m. Chem. Sue . 32. 1(»11 (1910/. 

W6iW.. 34. 4:)4 (1912). 

«/bid.. 33. 1436 (1911). „ , 

^Die ^ulvaui^clu‘ Kctl.. 1. iKHrltHl.t. H-rliii. 1K2.. h- ncl u*- ll.e 

tenn but spt-ak.s uf ‘■rr<lut«*‘l Ifiiutb' "f ‘"’i' u't »r 
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resistance, E the electric pressure, and I the current, then E = klR, where k 
is a factor depending only on the choice of units and can be made equal to 
unity. The International Ohm i.s the unit of resistance and is defined as the 
resistance offered to an unvarying current by a column of mercury at tiie 
temperature of melting ice, 14.4521 grams in ma.ss, 106.300 cm. in length, and 
of constant cross section. The International Ampkre is the unit of current an<l 
is defined ns the unvarying electric current which when passed through a 
solution of silver nitrate in water, in accordance with specified conditions, 
deposits silver at the rate of 0.00111800 gram per second. The International 
Volt, the unit of electric pressure, is then defined by Ohm’s law as the electric 
pressure which, when steadily applied to a conductor the resistance of which 
is one International Ohm, will produce a current of one International Amp5re. 

If a conductor of length L cm. and uniform cross section A sq. cm. has a 
rc.sistance It, then r ~ RA jL is called the specific resistance, or resistivity, of 
the material of the conductor. The condxictancc is the reciprocal of the re¬ 
sistance, and the specific conductance, or conductivity, of the material is 

/( = 1/r = LIRA. 

Thus 

It = LrlA = LIkA. 

If a liquid is contained in an electrolytic coll, and if k = CfR, where R i.s 
the resistance of the cell, then C is called the cell constant. It may be de¬ 
termined with a liquid of known conductivity in the cell.' 

If the cell is a cylinder of length L and section .1, and it the electrodes fill 
the section com))lctely, then C = L/.l.- 

As standard liqnhls Kohlrausch ’ recommends a number of solutions, but in 
many cases these arc suitable only for apjiroximate work. The standard is 
normal potassium chloride solution made iq) from 74.5.“)5 grams of pure KCl 
weighed in air and diluted to 1 litre at ls°. This should have a density of 
1.04-192 at 18°.* k = 0.09822 at l.S°. 

Other solutions of KC’I prepared by dilution of the normal arc ii/lO, n/.50 
and n/100, with conductivities of 0.01119, 0.002397 and 0.001225, respectively, 
according to Kohlrausch. 

Equivalent Conductance: The conductivity of a solution depends on its con¬ 
centration. The cqiiivntcnt rondiiclanrc, .V, is defined as the conductivity 
divided by the concentration, y, in eipuvalents per cc. (ncjt per litre), A = Kly. 

' The coU cimstAut anplio.'t only to :i piirticiilnr tcniponUnre, Wiiihlmm, J. .Iw. Chon. 
Soc., 38, !2431 (IDlti). Schlosinnor aiul Hoatl, i/'u/.. 41, 1727 (lUlD), state that C should be 
dotoriiiincd with solution-s coveriuK tho whok* raiiKc of conductani'ea to be mciksurod with 
the roll. 

>Kohlru\>8oh and HollKini, LoitAcrnioKon dor Klcktrolyto, 1916, p. 12. 

J I^itvornioKcn, p. 76 (T. 

*^Vu8hbu^n, Iw. cit., dotonuinos crll ron.wtants with a solution of 7.43000 grams KCl 
in 1000 grams of solution (weights in atr); k at 2.j° = 0 01288; at 0* k = 0.00715. Kraus 
aj)d Parker, J. -4w. Ch*ni. SiK., 44, 2422 (1922), propose to take 0.1 KCl with k = 0.011203 
at 18* fixmt Kohlrausch and Maltby'.n results, and find then k at 25* = 0 0128988. Graet* 
in W’inkelnianu's Physik, IV, i, 331, gi\os weights in vacuo. 
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The reciprocal of concentration, ■f = l,i), is calleil the dihition. The name 
equivalent conductance is due to Lenz.' 

The molar conductance, ii, used by Ostwald, is defined as the conductivity 
divided by the concentration c in inols. per litre: ji = k c. In niakiiiKUsc of 
the values of p given by Ostwald and by 11. C. Jones ami his co-workers it is 
necessary to remember that they are based on tlie Siemens resistance unit, 
and require multiplication by 1.000 to reduce t.j reciprocal ohms. They ha\e 
been recalculated by Kohlrausch.- 

If a volume of solution containing one equivalent of .solute is poured into 
a cell formed of parallel plates one centimeter apart, the conductaneo will be 
ciiiial to the equivalent conductance, k'or, the liquid may be divided into v> 
cubical cells each of unit vidiiine, and each will have the specific conductance 

Thus the total conductance will lie: Use = k.'i) = .\. 

For good conductors the inlliience of the cmuhictivitv of the sidvent itself 
may be neglected, but at high dilutions it is usual to siilitniet the conductivity 
of'the solvent, Ko, from the total coiidiictmty, and to define .V as (* - *o)/i). 
Ostwald * in ISS.'i pointed out that this leads to impossible values in the case 
of acids and bases in dilute solutions, and suggested that this was due to 
chemical interaction between the solute ami impunlies in the wa er. 1 Ins 
makes the determination of cquivaleiil fondiietances of acn s ,iin i.im.s 
verv dilute solutions a matter of very considerable dilhcully. 

The values of A .so far determined, will, the exception of very 

arc collected in Kohlrausch and i dm bm MlUM 

More recent determinations have been made by No>es ; 

.-^loane,^ Kato,« I’aine, and Kvans,- Wor.naiin,"' Muller, ■ 11. ( . 
co-workers,Tucker,'" tsachanov," llray and llni,l,'Mle l,..nai/.an and M.mry, 

' .1,01. /yqi.oe, 160, lg.> ^ I'.IOJ, to; n . n ueist also !«• 

M/atvernionen, sec abo Wlielli.un. . ... mills, all 

reinemUTed that dilTcreiil values of tlie oliiii, . ■ c/ea, ,71 

alTcct the results. On correelioii for al.mm 

13(1010). , 1 , 1 , H a \i lld'sli. K..lilr.m-. Ii. tail. Wa'il, 

> .Vrrhenius, thh .s'oiot'. .It-' ' 

26, 11)1 HbVi). This liioreiliin'will !«■'ll-'.. 

>J. imikt.Clum.. 140,:l00ll''‘'.'0. 

' y. .111,. W,™,. .S-or.. 31, OST (lOOll). 

• II,ul., 33. 70.', (Kill). 

1 till,32. 0111 (1010). Ill O’- , ,, ,, 

- M.n,. C„ll. Sn. Kiig. 1. 3.12 (K.IOS) ihish ... 

> PriK-. Oiiiihr. I'lal. •''»r . 18. 1 (Kill)- 
'•.liiu.MgsiA-, 26, 111,023 (10001. 

U Bill/. ,Siic. Chun.. 11. 1001 <’'11-’). (Plllll, 46. .•,(■., lOH (1011). 48. 320, 

".till, «ei,i. J ■ 42. .'i-'O (llhHO. ’'I , ■ ' , ,s„c , 37, 211-Jil (lOl,-.); Z. pkw’k- 
.•lOU (1912); 50, 1 (1913). 46, 20, (Mil). 3- •' ■ 


Cliiiii., 46, 241 (100-1). 

Proc. Pkyi. See. London. 25, 11 (MM). 
1* Z. Ekkirochem., 16, .5hb (1013). 

"J. Am. Oum. Soc., 33, 7hl (Kill). 
a Com pi. rend., 173, 227 (19-1). 
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Lorenz and Posen,’ Werner and Miolati,® Svanberg,’ and Rabinowitscli.' 
Older work is that of Ostwald on organic acids* and of Bredig on organic 
bases.* 

Experimental Determination of Electrolytic Conductivity: Many at¬ 
tempts were made to determine conductances of solutions before a satisfactorv 
metliod was found. Apart from errors due to insufficient attention to the 
effect of temperature, the chief error in oliler work was that caused by polariza¬ 
tion of the electrodes. When finite deposition of ions on the electrodes occurs, 
a cell is set up, the electromotive force of which opposes that driving current 
through the solution. Unless a pressure in excess of the force of polarization 
is applied to the terminals of the cell no current flows, whilst according to 
Ohm’s law the smallest applied pressure should lead to the corresponding 
current. As a final result of experiments it was shown that, provided polariza¬ 
tion was eliminated. Ohm’s law is accurately followed, and electric pressure 
and current vanish together. 

Direct current measurements were made by Ilorsford,’ who passed a 
current between two electrodes in a rectangular trough, and then moved them 
closer together. The current increased, but by inserting a wire in series it 
could be restored to its original value. Horsford assumed that the effect of 
polarization was the same in both positions of the plates, and the resistance 
of the wire then gave that of a column of liquid equal in length to the distance 
through which the plates were moved nearer together. The method was 
improved ‘ by using electrodes of the metal present in solution, when polariza¬ 
tion was reduced.’ Further improvements were made by Beetz” who used 
amalgamated zinc plates in zinc sulphate solution, when polarization was 
almost eliminated. In the method due to Fuchs" a constant current is passed 

> Z. anoTQ. Chan., 96, HI (1910). 

« Z. physik. Chem., 12. ;i5 (1893); 14, 506 (1894). 

* Medd. K. Vcimskaimikad. Nobel Insl., 3, No. 20 (1918). 

* Z. physik. Chan., 99, 338, 417 (1921). 

»Z. physik. Chem., 3. 170, 241, 369 (1889). 

* Ibid., 13, 289 (1894). Many orjianio ucida were rnciwured by WcRacheider, Monatsh., 
37, 219 (1910). See Soudder, Klectriful Conductivity and Ioni 2 ation Constants of Organic 
Compounds. London, 1914, and the collcctet.l monographs of Jones and Noye.s in the Carnegie 
Institute Reports. Work at higli temi>orutures, see Noyes, Mclcher, Cooper and Eastman, 
Z. phyaxk. Chem., 70, 335 (1910). A complete, critical, act of tables of conductivity results 
is still required. 

^ Ann. Phystk, 70. 238 (1847); Malmstrom, Z. physik. Chem., 22, 331 (1897); Chris¬ 
tianson, Chem. Hoc. Ats/r.. ii. 9 (1921); Morgan and Ilildburgh, J. .4m. Chan. Soc., 22. 
304 (1900). 

* G. Wiedemann, .4nn. Phyaik, 99. 177 (1856). 

»Cf, W. Schmidt, Ann. Phyaik, 107, 539 (1859); R. Len*. BuU. Acad. PeUrsb., 22, 439 
(1876); Ann. Phyaik, 160, 425 (1877). 

Ann. Phyaik, 117, 1 (1862); Tollinger, ilnd., I, 510 (1877); Paalzow, 136, 489 
(1869); Berggren, ibid., 1, 499 (1877); Freund, thid., 7, 44 (1879). 

» Fuchs. Ann. Phyak, 156, 156 (1875); Bouty, J. de Phys., 3. 325 (1884); 6. 5 (1887); 
Ann. Chim. Phya., 14, 36, 74 (1888); Sheldon, .4nn. Phyaik, 34, 122 (1888); Rasehorn, 
Diaa., Hallo (1889); Newl>ery, J. Chem. Soc., 113, 701 (1918); Mane and W. A. Noyes 
Jun., J. Am. Chem. Soc., 43. 1095 (1921). 
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through a solution and the drop in potential between two p<iints ineaMired by 
secondary electrodes connected with an electrometer, lioutv used zinc rod's 
in solutions of zinc sulphate as subsidiary electrodes; recent ex|>erimenters 
(who appear to think the method new) use calomel (Newberv) or hydrogen 
(Mario and Noyes) electrodes. The method is capable of .some accuracy, 
but hfts no special advantages. 

Stroud and Henderson* used two narrow tubes ..f etnial diameter Init 
unequal lengths as two arms of a Wlieat^tone's liridae, the ..(her two being 
composed of equal coils. Resistance was adiled (o tlie diortor tube till the 
bridge was balanced. The as.sumptmn is made fiiat (lie efTecIs .if migration 
and polarization are equal in the two tube>, ami the ad.led resistance is then 
equal to the resistance of the liquid column e.iiial in length to the dilTcrence 
between the two tubes. 

Beetz * eliminated electrodes alfegi'thm by making u^e ..f currents imlueed 
in the liquid by a moving magnet. 

The most satisfactory niotlmd of ebmiuatiiig polarization is the use of 
alternating currents of .sufrjciently lugh frequency.' This is combined with 
the use of clectrode.s coated with platimim black,* wlneb expoM' a large surface 
and so reduce a.s far as possible the surfacfi dendty of the ioU’' .lejiosited, to 
which the E.M.F. of polarization i.s proportional Tlie platinum is de|)ositod 
on tlie electrodes from a solution of 1 gram of eldoro))latinic acid ami 0 (KIS 
gram of lead acetate in 30 cc. of water The e|ectrod<‘s are immersed in this 
and current from twai accumulators pa»ed back.s.nds and forwards between 
the electrodes, w'ith reversals everv few' minutes. A re'-i.'-tanee is inserted so 
that a gentle evolution of gas occurs, ami a fine deep black coating of plalmum, 
free from lead, is deposited. The electro.les are (hen immersed for some 
hours in warm distilled water, frecniently changed, to renio\e a«lsorbe«l sidt 
If the electrodes are allowed to dry. (hey are aflerw.irds wetleil witli ililhculty; 
they may then be waslicd with absolute alcohol ami then with water, but are 
best kept standing in water. In tlie ca'-e of alcoliohc solutions, and solutions 
of cobaltainmino salts ^ oxidation mav occur, ami unplalinized |»iatmum is 
then used. Wiietham ® reduces ad'-orption of .salts from dilute solutions by 
heating the platinized electro<le to leilne^s, when a gri'y .surface is oldaiued, 
non-adsorbent, and .sufricieiit to prevent polarization. In accurate work witli 

'Fhil. Afao., 43, 19 (I-SOT), I’n<c. Sor. l,<»ulo>i. 15, l.{ Walsmi. IViulinil 

Physics, London (190S), p. IHl. 

Mnn. Physik, U7. 1 (1S02), (intl.n.- and PhU M<uj . 10. ags (Iksoj. 

* F. W. Kohlrausch and Nippol.ll, (/-rOn;/ 4i:. (ISOK), 1 (ISOU). Aun. Phumk. 

138, 280. 370 (1809), Snuth and M"s^ I’nn •'<<><■■ 1^‘nulav. 25, \M (1913). lajlor and 

Acree, J. Am. Chem. Soc., 38, 2390, 2lo;i. 211.) (19Ho. Tajlor and Curti*. PV. Hir., 6. 
01 (19U). 

*¥. W. Koblrftusch and C.rolrian. (Joltioo Sa-hr. 40.j (1S74). Ano. Ph,M. 154, I. 
215 (1875): Lummer and KurlPanni, IVr/i D'dI. Phy. O'o., 14. 50 (IVCo, W'lmu Ann. 
Phynk. 58. 57 (1896). 

‘Partington. J. Chan. Soc . 99. iw: (lUlli. Lorenz and IWn. Z. <in»ry Chm.. 96. 
81 (1916). 

*Phl. Tram., 194, 321 (190<U. K.-llncr, .lr,«. Phytik, 57. 79 (isia.i. 
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a series of solutions, the dilute ones should first be used, as, otherwise, salt 
adsorbed from the stronger solutions tends to come out again into the dilute 
ones. The electrodes after a time require replatinizing. The preparation 
of the platinum foil for the electrodes, which should be free from iron and 
calcium, is described by Kohlrausch.* 

Conductivity Cells: Numerous types of con¬ 
ductivity cell have been described,* but for ordi¬ 
nary measurements the writer finds the cell shown 
in Tig. 2 satisfactory. It can be made in differ¬ 
ent sizes, with the space between the electrodes 
suited to the electrolyte. Cells with sliding elec¬ 
trodes, or electrodes easily distorted, should be 
I’KJ. 2 . ('..nduftivity Tell ^ivoidcd. The electrodes arc of stout sheet plati¬ 
num, with platinum wires welded on and covered 
with gias.s inside the cell. The side tubes contain a few drops 
of mercury to make contact with copper wires, prolonged by rub¬ 
ber tubing so that tluj cell may be placed in the thermostat. 

The cell is filled almost to the stoj)per, which is then firmly fitted 
and covered with a little Karaday cement. 

Dipping electrodes, Fig. 3, are often convenient. The plati¬ 
num wires and electrodes must be stout, so that they are not 
displaced by the licpiid. All cells should be of good glass; Jena 
16 III is not attacked by water and seals directly into platinum. 

For special work metal cells have been used.^ Tlie design of 
conductivity cells has been considered in detail by Washburn.* 

The area of cross section must not be less than a fixed value 
determined by: (i) the audibility current in the telephone used 
as indicator, (ii) the conductivity of the licpiid having the maxi¬ 
mum dc.sired resistance in the cell, (iii) the density of the liquid, 

(iv) the heat caj)acity and tomperaturo coefficient of resistance 
of this liquid, and (v) the percentage accuracy demanded in 
the measurement. It d<K's not depend on tlie distance between 
the electrodes. When the heating effect of the current is brought Kb>c- 
into consideratiou, tlio resistance of the slide wire and tele- trodc CpU 

* Loil\ornii*Ken, p. U; piatim/.<'il kIivss t'loctrfMlea, soo Mtallt'ie, J. ('him.. 21, 

;m (1920); offt'ct of platuuzinB, w-e Tii.Nlor ami .\crce, J. Am. Chtm. Soc., 38. 24l.'> (1910); 
the ofTect of fiequeacy on the apparent resistance decreases a.'i the area of surface exposed 
inercivsc.s. There is a si>ecific relation Itetween the electrolyte, the electrode material and 
surface, and the chauKO of capacity and resistance witli frequency of the alternatuiK current. 

* Kohlrausch, Lcitvermi^Ken. p. 12 fT.; Hire, J. Ind. Ktig. Chtm.. 12, 1202 (1920); Mile<. 
Vroc. Roy. Kdmh., 35, i;iH (lOl.'i); .\croe and Ilobcrtson, J. /Vu/.'t. Chrm , 19, 381 (1915), 
llobbins, J. /Im. Oicm. iloc., 39, <VU> (1017); theory of design of «‘ells. Washburn, J. Am. 
CAcm. Soc., 38, 2131 (1910); Ijoeds and Northrup Catalog No. 48 (1919). other cells, J. 
and G. K. Gilwon, Vroc. Hoy. »Soc. Kdinh., 30. 2o4 (1910); Hill and Sirkar, Vroc. Phy$. Soc. 
London, 83, 130 (1909) (wax cell for HK). 

* McBain and Taylor. Z. physik. Chem., 76, 179 (lOll) (silver); Bowden, J. Chem. Soc., 
99, 192 (1911) (silver): Noyes and Coolidge, Z. physik. (^hcm., 46, 323 (1903) (platinum); 
Kato, Mem. CoH. Sci. Kny. Kyoto, i, 332 (1908) (platinum). 

*J. Am. CAcm. Soc., 38, 2430 (1910). 
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phone and the time required to make a briduc M'tting also come in. Wash- 
bum has devised certain typos and sizes of coll, adapte<l to measureraenta 
with (a) water or very dilute .solutions, (b) dilute solutions, {<•) ooneeutrated 
solutions. As finally set up,‘ these are shown in Kig. 1. Those of type (a) 



have electrodc.s which are unplatiiiizod, those of t vpo (/,) bav o light y p atiiuzed, 
and those of type (c) heavily platinized, elocliodos. 1 he bridge ' 

connected with the cell leads by a pair of inereurv cups dipping into lb b. 
eoiitaiiiiiig the cell, to prevent How of heat belw.-en the cell p a e- and c 
room. The cells are of the pipette type, the en l- of the inlet tub, - bung 
covered with ground glass caps 

,lena glas,s is sufficiently resistant for all solnlioiis made "I*; ' 

ill air; in such cells coiidiictnity water with a sped ii. 

X 11)-' ohrir ‘ can be kept VI hours without change, and eM n .ifl 

1 i • I > n Y 1()‘® ohm ' llu‘ c mtamitiatimi in tlii> cum 

weeks does not n-e above ().(> X ' . . . 

certainly coming from the atinosplieie.- water The 

iieedlesslv osteiitatiou.s except for the coinlnr mil o le | „f 

cells slnmld be carefully annealed and agml Wore ns 
temperature le.ad to thermal strain- which alter the d.-tani. bitwin, 

''''The Al'ternating Current: The 

a small induction , ^ivns the dimensions of the 

Such coils are special .v . ^ | o,)() 

cure as 8 cm. long and 1 cm. ' - - ... „,ondiiry. 

tiirms of 0.5 mm. cop|.er P''"'!''b' ■ , 'h .pi,, contact liaminer is the 

One accumulator with a , i.,,,, the one supplied by a 

most important part; it i- »fti'■ • ^1 I,I p, well platinized, 

spring giving the right ' ,‘ ‘ nd patience, but it is quite 

Ejntisfactury results are only attained l>> trial \ 

' Leeds and Nortlirup N‘>. (iv.M). 

> Kohlrauach. Ber., 26. 2Uys CIV-KM; , ‘rr*; ' ' 

* Washburn, J- -If'*- ■■ ’ ' 

* Leitvermogen. p- 20. 
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unnecessary except for the work of highest precision to use any other source (if 
current.* 

Stretched horizontal steel wires have been used * instead of hammers, and 
high frequency apparatus is described by Nernst.* These may be regarded as 
superseded by the valve oscillator. In the work of Washburn * a high fre¬ 
quency generator giving a pure sine wave current of single frequency was used. 
The Vreeland Oscillator generates alternating currents having a pure sinus¬ 
oidal character and a constant but controllable frequency. These are ex¬ 
pensive. The use of a direct current with a rotating commutator and galva¬ 
nometer has been recommended: • when it is used, the resistance must remain 
constant when the speed is varied, or the ratio arms of the bridge changed by a 
constant multiple. Hall and Adams and Miller ’ used the thermionic valve 
as a generator of current of high fre(iucncy. The connections are shown in 

Fig. 5. The conden.ser.s C'l and Cz con¬ 
trol the frequency, one being of small 
capacity and continuously variable and 
the other variable in steps of 0.005 
microfarad. “Generators of this type 
may be made to yield a current of from 
a few tenth.s of a milliamp^re or less 
to 25 ampi^res and with a frequency 
varying from half a cycle per second 
to 50 million cycles per second.’’ At 
frequencies below 1000 cycles, a trouble¬ 
some first Imrnmnic is present. The arrangement for amplification, when a 
very weak current is sent through the cell, is shown in Fig. 6.® 

The thermhmic valve may bo regarded as displacing the more expensive 
apparatus noticed above.** 

‘Various typos of current producers, Tajlor uiid A(Tce, J. dm. ('hem. Soc., 38, 2390 
(1910); their judninont of the Vreeland oscillator may now be revised in the light of Hall 
and Adams’ use of the valve oscillator (see below). J. C. Ghosh. J. Am. Chem. Soc., 36, 
2333 (1914); 37, 733 (lOir)), finds that an alternating current superposed on direct current 
reduces polariaation; this had previously lieen described by Reitlinger, Z. Eiektroehem., 20, 
261 (1914), and by Warlenberg and Archibald, ihul., 17, 812 (1911). 

»Melde.-'U«.PViA-, 24.497 (1884); Wimi, dad., 42, .>93 (1891): 44,1)81(1891); Nemst. 
2. phuaik, Cham., 14, 622 (1894), Rubens, .4nn. Phi/$ik, 56, 27 (l89o): Orlich, EUktrotech't. 
Z., 26, 602 (1903). 

* Ann. Fhuaik, 60, 600 (1897); Cohn, ifml. 21. (U6 (1884); Erskine, ibid.. 62, 454 (1807); 
Nerust and Lcreh, tbid., 15, 836 (190*1). 

*J. Am. Chem. Hoc., 38. 2431 (1916). 

‘Leeds and Northrup Catalog No. 48 (1919), p. 14 f. 

' MacGregor, Trans. Roy. Soc. Canada, 1, 21 (1882); Filipatrick, lirit. As«. Rep., p. 328 
(1886); Whetham, Phil. Trans., 194. 321 (1900); Pfieiderer, Z. Elektrochem., 19, 925 (1913). 
‘ J. Am. Chem. Soc., 41. 1516 (1919). 

* On sensitivity of telephones sec Wosliburn, J. Am. Chem. Soc., 39. 235 (1917). 

•Theory and descriptions of thermionic valves: De Forest, EUctrician, 73, 842 (1914): 

Eleclr. trorld. 65. 465 (1914); Ungmuir, Phys. Rer., 2. 450 (1913). Gen. EUrir. Rex., (May). 
327 (1916): Armstrong, Elecir. IForW, 64, 1149 (1014); Van dcr Bijl, Phys. Rer., 12, 171 
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Current Detector: The most satisfactory instrimicm for the detection of 
alternating current in bridge measurements is the telephone.' introduced by 
Kohlrausch. For ordinary work the writer finds the (dd long Hell telephone 
usually much better than the flat type. The choice, of a goml telephone is 
essential, and some slight adjustment is often required. \ common trouble 
is iron particles between the disc and magnets, .tbsidnte \anishing of the 
sound is never attained, but a well-defined miniinnm should be got if all is in 
order. The re.sistance of the telephone may be about HI ohms ordess. and the 
remaining resistances adjusted accordingly. The use of electrodynamometers 
and vibration galvanometers’ is not roconiniemled. ^ 



Resistance Bridge: A Wheatstone bridge arrangement of ordinary t..v|ie 
may be used. For ordinary work a simple stretched we of 
platinum-iridium, with a knife-edge tapping coni act, is sntheient. In (oil 
telephone are connected with a i.liig resistance hov a- km.un ' 

the cell, as in Fig. 7. The wire may also be nonnd on an 
drum, with a wheel contact.' The «ire must be care iill.v calibr.iteih 

* * t- Vnriw* i tiif* ii ''0 stiwuluru 

resistance boxes are convenient. Nernst neon nun, 

liquid resistances of negligible (emperatnre coelhcent 

troivtic cell, when the bri.lge arrangement n .re t r m 

readings are obtained. The solution contains Idl gram- of ; ™ 

of boric acid, and 0.00 gram of pota-sinm chloride per litre. Its ..Im.tmty 

at 18° is 0.00097 ohm.'' 

(1918); Utour, Kl^lnaan. 78, 2so (191(1). (.e.utar llur. ../ . 74. ClK) (llllS). I lcmm. 

Prof. Kog./jwt., 23. I'll (b>-'b. lo a,-, ,i.||7| „ i.reclsien of 1 in In''iin 

' Washburn and Parker, ./. .I'"- q, . , „l,i,.l, n-inlied in 

bo attained with a telepliotic wi'b an '' ^dirtcurtsed. Soo nbo 

telephones of moderate prift* 1 ujin>i4 1 ‘> ^ 

H«.vleigh, Phil. Mag . 38. •nhoiics with ii.ijiHtahlo inannotH are 

»Kohlrausch, LeitAernioKoii. I> ‘ " 

now obtainable. .-r-j/iwHut- 16 177 (HO.')); IxutvermoKon. p. 41- 

* Kohlrau-sch. Ann. Phu^k, 11, i>3l ( j bna«e«. anti Northnip 

* Kohlrausch. LeitvermoKon. p. 4o. bee 

('atalog No. 48 (1919), p. 21 f. , . 5^(1890). 

>Z. c(i«n.. H. ligs (18M). • ““"'''i'" j, .j,,,,; „nd cn-workers. 1‘rx. K. Akiid. 

•On such Mlutions see nuniereiis nanc. 272 (19151; 

ItVl™.,. AmXndnv,. 15, 21(1 (1912). Ker 2™'- ' 
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If resistance coils are used they should be bifilar wound so as to neutralize 
self-inductance, but as this introduces considerable capacity in large coils 
(1000 ohms and over), the latter (only) should be wound by Chaperon’s 
method,' i.e., in simple layers but each layer in the reverse sense to the preced¬ 
ing. The box should have coils of, say, 30, 70, 200, 700, 2000 and 7000 ohms. 
The resistance taken from the box should bring the slider to about the middle 
of the bridge wire in making the balance. If an electrodynamometer is used, 
the connections are shown in Fig. 8; one coil is put in series with the induction 
coil I, and the other diagonally across the bridge.' 


Resistance Box 




xon Coil 


Bridge wire 



Bridge Wire 


7. Ex|)(‘rinicnfal Arranii;<“nu‘iit for 


Fio. Experimentiil AnauKCim'iit for 
(’(nidiictivity Mciisuronicnts usitiK 
Dynamometer 


The method of carrying out the conductivity measurement is simply to 
adjust the resistance in the arm oj)posite the cell till the minimum sound 
is heard in the teic^phone. The bridge is then regarded as balanced. The 
sources of error m Kohlrausch's method liavo been studied by Wasliburn and 
Kell,* and an improve<l techiiiiiuc for solutions between 0.001 n. and 0.000001 n. 
evolved. A high frequency gcnerat<ir replaces the coil, and special resistance 
units in the box are made by sealing platinum wires into the ciuls of a glass 
rod and connecting tiuun l)y a film of platijium deposited on the glass. A 
tuned telephone and an extended bridge wire are used, all measurements 
being made about the middle of tlm bridge. The precision reached with all 
Bolution.s from pure water to 0 n. was O.Ol per cent, which can he extended to 
0.001 per cent nith care in mo.st cases. In a later paper,^ it is stated that an 
induction coil lias a unidirectional component, and its time integral is not zero, 
leading to some polarization; it is also impossible to keep the frequency constant. 
A teleplione tuned to the frccpiency used ^ must also be employed: various 
methcjds of tuning (mechanical, electrical and acoustical) are described. The 
paper condensers used by Kohlrauscli (see later) are unsuitable for very 

35. ‘Jll, :»)0 (lOlU): 36. 107 (lUlO); Proc. K. Akad. WtUns. Amsterdam. 18, 1647 (1916); 
21. 907 (1919); ft.c. Trar. C/um., 37. 130. 144. 162. Uio. 179 (191S). 39. 17S (1920); 40. 
508. 674 (1921). 

‘CoMiirf. rend., 108, 799 (1889); J. de Phys.. 9, 481 (1800). ('urtis and Grover. Bull. 
Bureau Stand., 8, 514 (1011) (imprfived iiictho<l). 

’ Cf. Acre© aud Taylor, J. .tm. CVi»'»i. Soc., 38, 2403, 2415 (1910). 

* J. Am. Ckm. Soc.. 35, 177 (1913). 

♦ Waahbum, J. Am. Chem. SiK., 38, 2431 (1916). 

» Ihid., 39. 235 (1917). 
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accurate work. They are replaced by air or mica cmideii'ers.' A (recpiency 
of about 1000 per sec. is recommended. 

Conductivity Water: Very pure water is osontial for comluclisit,\ work. 
The same applies, of course, to other .solvents used The pun'sl water was 
obtained by Kohlrausch and Ileydweiller •' and had a specific condnctanee of 
only 0.0411 X 10“® ohin“' at 18®, but \er\' special precautions had to lie Used to 
obtain only a few cc. of this water, and the operation has never been repealed 
with .success since.’ 

Water was distilled backwards and forwards foity-Iwo time.s in a \aeniim 
at a low temperature, and collected directly in a class condiiclnity cell which 
had been kept ten years filled with condnctiiity water to renioie tiaees of 
soluble matter from the glas.s. In air, the condiiclixitv ol the hc’st water 
rises to at least 0.7 X 10““, chiefly owiii}; to di'sohed caihon dioxide, and a 
good water for general use may be taken as oni- about 1 X 10 "• Water 
prepared and stored in an atnios|ihere of pnnhed air iiia> be gut down to 
O.Ofi X lO-'.’ 

A very large nuiuber of hicIIkhIt' of propunni; o'lniiiftiN il \ watrr iii“i‘n 

proposed) The writer finds that water as good as that fnrnishe.l hv .. of 

the elaborate stills is obtained by .-imide distillation, fioin a glass retort,of gooil 
distilled water to which a little potassinni |ieriiiaiigaiiale has been ailded, and 
condensing in a Jena glass lube lilted inside a l.iehig's eoiideiiser, the eork.s 
being covered with tinfoil The lirst distillate i- lejecled till a test with a 
conductivity cell gives not more than 1 - '-> X PI ' oliin >. ^le most con- 
lenient laboratory i-till for condiicliiily water he h.is found to be the |ian still 

of . I 1 ,.i 

The water is kejit in steanied-oiit glass bottles or porcelain vessels,' bottles 

coated inside with melted liarallin wax have been recoiiinieinled.^ I he teniper- 
atiire coefficient of conductivity water is about J pc.' cent |)er 1 ,. 

The Water Correction: The correction of II.. value of the con¬ 

ductivity for the condiictiMty of the water has already lieen nienlioned I he 


■ Leeds and Xorthnip (■an.loa N" 1'’ (I' ■> ... 

1 Kohlrausch, .laii. i'ty.sit Ll/'ia.'oig'» . • 

.Inn. Wi/siAl, 53,2(I!I(1.S',M), lv.lilra.i-. li. Z /./.not Men. .42 1.. ( 

'N-emst informed the writer tivll he Icl . .. ... 

■ Washburn, d. Am C A.m. .IV • 40 lirl . l•lls.^ . . . . . . ^ ^ 

■.■summary in Kendall, J .Im O' .|ll i pilr.'l. Ibileil, Z 

Masif.f/nin., 22, 21.7 (1X17,. "-'y1 , .rnn. St. 1211 

arm., 21. 297 (isiio) 40. 7:1.7 (isam: 

(1<S04); Nernst, /. *' ' ’ ,,, , ,, /ikkTi Srhirk, Z. 

Paul, Z. euktrochem., 20. 17U (I'Jlll. ,s„; , e„js (piggp |l„rt- 

pky„k. Chem.. 42. I.i7 ,, ,s iV'IIIM Tlmle, I'.el, 101. 207 (11112); I'om- 

ley, Campbell and Pooh', d. ('.cm.-See . 93. - n .iin iialll), Kcndali. d. 

dillon, ihd.. 103. 7'Jl tlal.'l), Clevenger. ./. /mt > 

0907), 101, ...1 ... .he .m tulsi is ..... 

■Kildered and useleisa. 

'Kohlrausch. Lcitverni<>Kcn. U-'j 
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water correction has been discussed by Kendall/ who concluded that if cheini- 
cally i)ure water were available no correction would be required. Washburn • 
does not agree; even with water of conductivity 0.04 X 10“* the correction 
is 0.3 per cent at 0.0001 n. and that at 0.00001 n. is 3 per cent. With O.Oi; 
X 10"* water the corrections are not much larger. The advantage of ultra- 
pure water is not the elimination of the water correction but elimination of 
uncertainty as to the appropriate method of applying the correction. 

When very pure water stands exposed to air it dissolves carbon dioxide 
and its conductivity rises, at first rapidly, then more slowly, until a maximum 
is reached at about 0.8 to 1.0 X 10“*, when tlie water is in equilibrium witli 
the carbon dioxide in the atmosphere.* This may be called “equilibrium 
water." If solutions are to be exposed to the air, such water is better than 
the pure.st water as far as constancy of conductivity is concerned, but equi¬ 
librium water is ]u.st as difficult to maintain at a con.stant conductivity as the 
purest water.^ 

Washburn has described methods of correcting for tiie dis.soived carbon 
dioxide and for salts, but he cmpJiasizes * that some uncertainty attaches to 
the correction on account of: (i) the magnitude of the correction; (ii) the 
proportion of conductivity due to CO 2 ; (iii) the nature of the products of 
hydrolysis and other impurities than Cila: (iv) difficulty of keeping the water 
constant in composition. He points out that Ids r(‘sults are not in agreement 
with those of Arrhenius,* who found that tlic carbonic acid correction for the 
salt of a strong acid and base (sodium chloride) dissolved in equilibrium water 
at 18° is negative in sign, starting at zero for high dilutions, reacldng a largest 
value of — 0.1 per cent at 0.0001 /?., atul then falling away to zero at higher 
concentrations, whereas Washburn’s correction is positive in sign and should 
increase contimnnisly with dilution, reaching a maximum value*of only + 0.016 
per cent at high dilutions. This refers to carboidc acid as the only impurity 
and the equali<jn is: 

- 1.15 X 10*ai-./A„,eo.A:,. 

where = percentage correction to be added to the comluctivity (>pecific} 
after the usual svater correction has been applied, viz., to k (.solution) — xo 
(water); kw = specific comluctance of the water; A', = aV/(l — «) for the 
s<dt; Ajijco, = equivalent conductivity of IlsCOa. K.g., with 0.00005 ?i. KCl, 
A', = 0.0210; rt = 1; = 353; hence if Av = I X 10“*, = 0.016 

per cent. 

If saline impurities are present also, the correction is larger, and Washburn 
proposes a total correction of Kohlrauscii’s data of 0.02 per cent at 0.0001 n . 

‘ J. >4mi. Chem. Soc., 38, HSO, 24W) 39. 7 (1917). 

/tm. ('Arm. Soc.. 40. 109 (1918). 

* Kohlruusi'h, GV«. 36/1., 2, 871; Kendall. J. .4m. Chvm. Soc., 38, 1480, 2464 (1916). 

' Kohlmu-Heh, loc. cit., p. 996. 

.Im. Vhem. Soc., 40. 109 (1918). 

* Mcdtl. K. Vctvnsk. Akiul. A’o6(7in«/., no. 42, 2, p. 10 (1913); Kendall, J. Am. Chem. 
Soc., 39. 15 (1917), 
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and 0.0002 n.; of + 0.01 per cent for O.OOO.l n., .and 0.001 n , and no correction 
tor higher concentrations. The corroction.s for salt.a of weak aoid^ and bases, 
and for salts of higher valence type.s, are regarded as prolileinatieal. 

Errors in Conductance Measurements: The inlluenco of temiwrature on 
conductance amounts to about 2 per cent per 1” C., so that, to idUaiii an 
accuracy of 0.1 per cent, temperature control to O.O.'i" is necessary, i e., a 
thermostat must be used. The Lowry bulb regulator filled with toluene, with 
an electrical mercury contact operating a relay and heating lamp, aith good 
stirring, gives excellent results, especially if the capillarr’ stem is pndonged 
inside the wider top by a capillary tube litted in aith a little cement, inside 
which capillary tube fits the platinum wire cut-out. The thermometer |s 
placed alongside the cell and ample time allowed to attain teniperaliire etpii- 
librium The current from the coil heats the liipinl, and it shonhl not be kept 

running for long. The best way to reduce the current from the .. is to 

insert resistance in the |>rimary circuit as long as the hammer bieak sti 
works, otherwise a very large resistance is neeessaiy in the sceondarr cirenit, 
from one pole of the coil; but, this may eau.se trouble by static eharging of 
telephone unle.ss the other pole of the coll is eaithed 

The resistance of the leads from ... m the budge may be found with 

mercury in the cell, and should be snbliaele.l fron, all 

With an alterniitinR current (tf Iiiuli fm; , . 

trodes well platinized, polarization is ,,raetieallv eliinina ed. 

..........- 

freiiiieiicy. They also use the formula 

(«/ - «»);/-/ = ' 

where R and L are resistance 

also show that capacity does not > epi in o . ■ , condenser with a 

oondnetivity cell acts as a resistance in - fce.pieney 

leak. Kastman * considers that t e a diderence 

than in the range iinniediatelv .i in - HmHI cycles alternating, 

of„nly0.02to0.0.3 per centw. h In 0 un^ 

but he considers this dilTerence is l b ...... .. 

■Washburn, J. A”'- n,", .s.- , «■ - ' ’ 

straight ami parallel, in an carlhisl '* .)),„ , Strashurg (1S1I.‘)I, Washburn, 

■NernM, Z. physik.CIww 

J. Am. Chm,. Sec., 38. 2t.-Ai (lum). 

‘J. Am. CItevi. Sm-., 38. 2tlfl (l-'l "■ 

<J.Am.nem.Sor.. 42, lOlll nlrZU). 

» Tnns. Farad. ,S»c., 16, IWt 
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that (■xtnii)(jlati(jn to infinite frequency gives the right resistance. The rc- 
si.stanco is independent of frequency if the potential measuring electrodes arc 
not in the main current .stream. 

The effect of polarization in not merely to reduce the sharpness of the 
minimum but also to shift the center of this;* its effect is not simply a pure 
condenser reactance, but an increase of effective resistance accompanies it, 
which is smaller with large electrodes ^ and higher frequency. This is attrib¬ 
uted to dissipation of energy owing to the incompletely reversible electrode 
reaction. Washburn ^ suggests that this points to some catalytic activity of 
the platinum black. Curtis and Taylor ^ tested Wien’s method of electrically 
compensating for condenser reactance by inserting a variable pure inductance, 
and find that it gives results within 0.02 per cent of those with platinized 
electrodes. 

ydf-inductance (mainly of the brhlge coils) and electrostatic capacity in 
the bridge arms may arise witii alternating currents, and it would be difficult 
to estimate and allow for them. Fortunately, when they are present, there is 
a want of sharpness in the telephone minimum, and as long as good readings 
arc obtained it may be assumed that inductunoe, capacity and polarization 
are negligible, unless the resistances to })e measured arc very large or very 


small. The effect of the throe sources of error are summarized 

in the following 

tiiblo: ‘ 

Si'lf liidui'tion 

Pohinziilion 

t’npaeity 


large vshon 

large when 

large when 

Frc4lvieno.v is 

groat 

small 

great 

Hcrtistanco ia 

Muall 

small 

gr(‘at 


The frequency in the circuit is much higher than that of the hamincrbreak of 
the coil.* 

Capacity is appreciable in bifilar womnl coils, and these should not be used 
of resistance greater than 500 olims; higher units should have ('liaperon 
winding. The effect of capacity is appreciable when a liquid of high resistance 
is in tlic cell; it is also j)resent owing to the water in the thermostat acting as 
a conducting coating of a Leyden jar. This may be got over by immersing 
the cell in a vessel of paraffin oil.* A small condenser, e g., of tinfoil on glass, 
sliding between similar plates, or tinfoil between paraffined paper, may also 
be inserted in parallel with the bridge arm oi)i)osite tiie one in which capacity 

' Wion, Ann. Physik, 47. U2G (1SU2). 

*Wion, -4nn. Phtmk, 58. 37 (ISUO); Xeuiuuun, ibtd., 67, 499 (1S99). Haworili, loc. cU., 
has ovcrlookod tiiis. 

> J. Am. Chtm. Soc.. 38 . ( 1919 ). 

< Phys. Riv., 6. 01 (1915): Wolcott, Aan. Physik, 12, 053 (1003). 

*I.elUpUU, Klectroohoinistry, London (1908), p. 57; Kohlrausch, U*itvermogen. p. 55 f.; 
Washburn. J. .4hi. Cfum. Hoc., 38 , 2431 (1916); Kniger, Z. physik. Chem.. 45 . I (1903); 
Olicrbpck, .Inn. Physik, 19, 025 (IS83): 21, 139 (1884); Schlesinger and Read, J. .4m. Chem. 
Soc., 41, 1727 (1919); Wien. .In/i. Physik, 58 . 37 (1896); 59 . 207 (isOO). 

•Lennrd. Ann. Physik. 39. 019 (1890). 

’’ Kohlrausch, .Inn. Physik, 49 , 225 (IS93); Leitvermogen, p. .59. 
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„Murs and varied till the minimum is sharp. .Vjumleiiser in MTies with a 
circuit can nullify inductance when /= I 2irV;,t’; /= frequency. 1. = in- 
iluctance, C = capacity. If corrosptindiiin in.luctaiice and eapaeiiy are 
present, the circuit behaves as a non-induclive mie' 

Equivalent Conductance at Infinite Dilution: The lalue ..f ,t incieaMv- with 
dilution and approaches a limitiiiK talne which is reachi d at dilTcrent dihilion.s 
for different types of electrolytes and is known as the liimliua \alue of tiu* 
equivalent conductance for iidinite ililulioii, or zero concentratioji, .\j. 
In the light of the electrolytic dissociation theui\ the interpretation of i.s 
clear: it refers to complete ionization. The kind of increase of unh dilution 
is shown in the following table (Kohlraiisch): 

T.UiU-; 1 

AT is’’ (’. 

I^iliition ^ in 0 ^ j KCl | jCnSOi j (’lljCOdll 

1 tJ 
1 (dl 
II { 
n 0 
1U7 i» 

It is evident that, in the case <if K('l, tlir Imnliiiv: \:iliic emi be calculnteil witli 
some accuracy by oxtrapolnttoii; in tlie c.i'-e of ].(’uS()| the apimiach to a 
limiting value is a])parcnt, but this cannot in* calciilatofl bv rxintpolaiioii fmiu 
the figures given; in the ease of acetic acid if b cMdcnl ttiat, even at high 
dilutions, the limiting value Is far from being altaimal. In tlie ca>e of ^\eak 
electrolytes, sue!) as acetic acid, tlie hmiling \alue can be bmml by mdiieet 
methods only, as explained later. 

For the jiurposes of interjatiati'm ami e\(rapo!alniii tlie \alm‘> of A at 
different concentrations are plottcl agaiibl the cube niot nr tlie logantlim cif 
the concentration. The fir.''t methml i- n-ed iiy Ivnlilraiisch,^ and the ciij\'e‘w 
in Fig.s. 9 a and b .-how tiie result- vith .-ome typical cleetn.lyle^ ami the 
character of the extrapolation may be -ei n lur \erv ililule -oiiifioit- A may 
be j)lotted against tin* srpiare root, i*f the cniiceiitratinii m cfjiuxah'nts per 
(iter. The oi)jection to Kfildraii-cii s inetlmii that it a—uiiie- a cialaui relation 
between A ami the coiiceiitratton uhieh mav iinl h<fld at very liigli diliitifiii'i 
has little weigiit except in ca-e- of extreme :i(aatra(;y, 

Tlic curves of acids ami 1 •a-i’-i are iii'u<• liiIhcult to extrajuilate 1 liaii th<i.-c 
of salts, on account of tlic greater jii(iuem(‘ nf iinpuritie- Mlt) m the 

‘Tavlor and Acree. J. -Im 0“’" "* I"-'' 

cent with («) in.luctauce, (h) (nn-l<n-<‘r. nM'<l m halame tlu; m-.eiiv ..f th- e..n<|.i.-tivjtv 
veil. Technical methods ..f nu-fiwurn.« ci.dm 'n U\: K- I-t. 'Jro,.^ .Im. .SV , 

38, 113 (15)20). 

* Ann. Phymk, 26. 101 (IbS-'O. 50. is.', nwro. y.UlUochnn , 8. ‘m nOfUi. 

Ko^ausc-hand Maltin. .V>h>ny\i i’.T 3. !*.7 noon, 


l()s. 0S.3 s 

10* 112 0 1.10 

10‘. 122.4 .1 7 

10« .. 127.3 ns .7 

im. 120.1 noo 
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water, at high dilutions. The curves then exhibit maximum values of A at 
liigli dilutions, and then fall off rapidly.' 




‘ Wholham and Poine, Proc. Hoy. Soc., 81, 58 (1908): Whctham, Phil. Trans., 194, 
353 (1900): Kendall, J. Am. Chcm. Soc., 39. 12 (1917); Washburn. 40, 122 (1918); 
Chittock, Proc. Cam6. Phil. Soc.. 15, 55 (1909). Some solutions exhibit a maximum specific 
conductance at a certain concentration; this is duo to the interplay of iooixation and con* 
centration: sulphuric acid at 30 per cent (Kohlrausch and Holbom, Leitvermdgen, p. 75);. 
hydrochloric acid 18 per (»nt (.Gibson, Trans. Roy. Soc. Edinb., 48, 117 (1912)}; magnealunv 
sulphate (Kohlrausch and Holborn, loc, cit., p. 76). 
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Ostwald’s Rule: An empirical relation dis¬ 
covered by Ostwald' states that - mji = 

10 .y+-!/-i wbsffi Mioit an'l i'l! tf® molar con¬ 
ductances at dilutions of 1024 and 32 liprs, 
respectively, of salts of strong acids or bases, and 
I/+ and y- the valencies of the kation and anion. 

The rule holds very approximately to y = (> and 
is often useful in finding the basicity of acids 
nr bases (y+ = 1 and !/_ = 1 , respectively),= 

On the basis of this rule, Brcdig (/or. n't. 
compiled the following table, giving the values 
to be added to the molar conductance of a salt 
at 25° at the given dilution to make up 
The accuracy is usually about one unit, and 
the table is useful for approximate work. The lir4 column gives i/,.;/ . 
E.g. for KCl, this is 1 X 1; f«r liaCI ,2X1; for .\ldSO,).. H is (3 X - bb 
Bracketed values are less certain, {('oiidiictaiice' are in <ihni , not N' 1111 n 

units.) 

T.Mtl.b II 

CONUeiTVNI B C. 11 ,<;VHT 10 .VS Boa iMINME UlM IIOX 
Diliilloi, llin-ra P'T iiinl.) 


.1 a 
r, 1 
s 

10 0 
1:1 S 

17 


This table, of course, can be f"'""l fro'" 

calculated from the higher dilutions . 

the lower dilutions .,f to infinite dilution is a nnitter 

Calculation of A.; Ihe ixtiap • ^ ^ ,,4 

of importance when the (iiie,diono ^^^.^^ nientioiied, extrapolated by 

high dilutions is considered, lx . - ■ 

plotting A against c'”, assiiniing ‘ 

A = A,. - 

VVsM..a,.M..l.W0<l-'''7). t.tlMWS); 

Z., 35, 1421) (1911). 

06, !KI (llllll); Weg- 



(U 

12S 1 

2.'i'i 

:,12 1 


1_ 



11.7 

s 

ll { 

1 2 

22 A 

17 

127 

s 

s 

21 1 

is 

21 1 

12.7 

17 

M.l> 

.v; :i 

11 

:{i> s 

22 A 

O.'i S) 

i ■*' 

1 ;{s ■{ 

J(» Cl 


A = Ao - < 1 C‘ ’ 

1 Z, pAgsiA*. C'/jem.. I. 74 (las* 1, 2,MO(l 
Brtslig, ibid.. 13, 191 (1S91). mo KI.'ii.cik-, COm. 

>On methods ot making on ti I.,,-.,,.. .tint., 

»Tw^r«nK. Z. anora. Chem.. 108. m >■ 


*Lorenz, Z. anorg. Chem.. 108. SI ) 
scheider, Z. Bkklrochem.. 18, 277 (l'.ir2). 

♦ Leitvenn6gen. p. 107. 
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The value of a varias from one salt to another, but it has, at 18®, approximate!', 
the value 400 for uni-univalent electrolytes. An accuracy of only 1 per cent 
is claimed ‘ At the higliest dilutions a Ixstter approximation is given, accorditii: 
to Kohlrausch,* by the equation 

A = Ao - hc'^‘‘ 

(for c from 0.002 or 0.005 to 0 equiv. per liter). 

J;{)reiiz “ gives values of a and 6 for ba.sic organic kation-s (110 substances) 
for which both formulae apply equally well: — ft = 01.54c'^^;^ 

= The equation with is said by Kohlrausch to be “.surprisingly 

exjict.“ Knr higher concentration.s (to 0.17t.) he propo-^cs ^ 

Ao - A = 

with another constant />, varying from sul>ttince to substance. This doe.> 
not hohl for bi-bivaletit electrolytes. 

For concentrated solutions (iil>on ^ proposes 

A' = A., - Dr', 

where 

A' = fi/c', 

c’ being the concentration in c<iuivalents per drum of saluHon. Tins does not 
hold for dilute solution.s, jind cannot be used for extrapolation to Ai,. 

Randall * liinls that if the percent.ige ionization.s of .salts are plotted against 
c'''^ the curves fall int<» non-inler.secting groups according to the valence types 
of the salts. Salts of the same valenc<‘ type also diviilc thein.selve.s into distinct 
groups, e.g., halides of alkali metals and ammonium,' and, in this case, the 
degreo.s of ionization, a, become more nearly eqtial as zero concentration is 
approached. If A, ami Ao :»re km>wn for one salt of a group, a may bo 
assumed the at a given concentration for atjother member, and tlius, 
if A is known, Ao may be calculated from a = A/Ay. The values of Ao so 
found for dinVrent concentrations are then plottetl against c*'* and extrapolated 
to zero concentration to gi\e a linal \alue of Ao- A methoil similar to that 
of Koldrausch was ihi'd by A. Xo>es ami his collaborators.' All .such 

' 'I'lir HIIIIH' ('(jUiilioii vxas laii forward 1>\ \ \\ . I'oiln. Tmn-i. Fnnul S'x , 15, 12_> (,1011)); 

it \<‘r.v foi Ziil b •“'d N.ijSlb ;i.i well for LiCl. 

rd , p. los. lln* «’(|iiahi>u \ - .ly --</<> ’ w,|h UM'd |,v Ki>hlrau-ch. .tn/r. 
26, 101 (l.ss.'», il’ul. 50. OS'fA). Painiwao r. Z. Chin., 28. ll.a imDO); 

c'f. Stoll’li, ihiil . 10. 13 (1MM>) , itaiii'iofi, do// , 31. 1S.S i ISOO) , KolilraU'i'li, >ilzh>i. I'n-ua. 
Akoil. li i.vs., ii. UMilJ (.IIMMO, Koliliati-'i’li ami Strmx\elir, ihiil., i. oM Kolilrau'i’li, 

Z. Flfktroihim.. 13. 3;{3 (1!MI7). 

’Z. foio/t/. ('hiiu . 108. SI. IIU {IDID). 

' l.i‘it\i'rinourii. p. lOs. l.oriMU, Z. <iuoii;. Chan., 108, M. IIU i nUlO. 

“ 7VfO(.'-. /»’«)/. Soc Eiiinh , 45, liU (llKKii. 

*.l. .Ihi. I'fum. S,H' , 38, Tss (,UHO). 

• This was wril Kaowu to KoIiIijium’Ii, I.«'itvcrmo«*’ii. p. IDs. 

' No.\‘'s aiiii I’alk, .la». (Viiai Si« . 34. l(»2 i,ll)l.ir 
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methods imply, however, that tlie law (d mass action is md obeyed even nl 
extreme dilutions.^ W. U. Bousfield * in\s useil the equation 


where 


a>'V(l - «) = A'A’ ■, 


tj heiiiR the viscosity, and h tlic minihcrof iiioK. of water per mol. of salt, for 
solutions of KCI. He also proposes 

«/(l - a) = A'MO' " 


fipr the same solutions, which y;i\es very exact results from 0 0001 a. to 0.1 n. 
In a further ])aper^ lie jmoposes another e<iuatioii. Tlie'-e give very exact 
interpolations, but their use in the c\trap<datioii to A^ i' doubtful, for the 
reason just friven. Partinuton * siicnesti'd that the law of mass action holds, 
e\eti for strong electrolytes, .at veiy lIlf^il dilutions, mid iimposnl the formula; 


or 


aV (1 — a) = K -f- ki'a, 

r-c'U.u - A) - K 1- u(\:\A, 


which reduces to tlie mass action eipiatioii 


o:V/(l “ a) K 


when r tends to zero. AIllioiinli this is n-.t adiapiate to deal witli stroiin 
iledrolytes/' (he idea liiat the law of iiia's action is oIicmmI at ImkI' diiiihoji 
srems to have been cstablishe.l by the .■xpeiiments of Washburn ;iti<l collabo¬ 
rators.® In 1!H:.' MaeDotijjail ' and Kraus and Utay '' proposed a modilicalion 
of this formula, vi/., 


A^c;Ao{Ao - A) - l< t-U^-.A'A,.)\ 

where/; is another constant. The ^ alne of A lias been‘‘correded’’for viseo.sit.V, 

1 e., tlie expennieiital \alue has been muldplied bv 'I'Ihs eqiiation bohls 

\ery satisfactorily for acpieous and iion-;ii|ue.iii' -iiliitioiis, but in the jqiplicalion 
to aqueous solutions Kraus and Uniy fo.iml it mars-ary In alter fundaimmiid 
.lata, e-K.. the value of A, for KCI found by Kohlraiiseh am! Maltby'^ from 
I2!h!) to 12S,S, in a manner which even at tlie lime could not be rei^arded aa 
adniKsible. The value 12S.;i iiad actually been exceeded by Kolilrailscii and 
' Cf. J. ,tm r/sm. ,W , 35. .mi.tl, \Ve(£M Ii.-I.ler. /. C/.rm , 69, (Hl-'t 

(mo', 1 ). 

J/'/nt. Tnin^ . A. 206. l.V) (lUIMU. ./. Chtm Sor . 103, .W (I'M.I). 


Chrm. Soc . 105, iSOUdUU). 

‘ Ch(m Soc . 97. II.)H ( miOj. 

• I’ttrtiiiKfoii. Traiv. Fanul. Si>r., 15, 101 
*J Am. (%m. .SW.. 40. VM 

• Am. CAfni. .S’or . 34. So.> (1912). 

• Scienre. 35. 433 (1912): »W,. Am r/./7n. ,W . 35. 14M (1913). 

• U’lM. Ahh. J. P. T. Rrich^nntitalt. 3. l.W (1900). 


37. 1315 (1915). 
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Maltby in their mensurements at low concentrations, and the force of thi 
criticism of Kraus and Bray’s treatment of experimental data of high ac¬ 
curacy, made by the writer ‘ and by Washburn,* is now admitted by Kraus ' 
Bates ’ found that the experiments of Kohlrausch and Maltby could be coui- 
lilctely rcj'reacntcil, with an accuracy oven greater than that obtained bv 
Kraus and Bray, to the highest concentrations, by the empirical formula: 

log A*c/Ao(Ao - A) = log K + i(c. A/Ao)*, 


where K, k, h have, of course, different values from those in Kraus and Bray's 
equation. 'I’be theoretical meaning of this may not be very clear, but it 

serves to show that agreement or 
non-agreement with empirical equa¬ 
tions is not a very safe guide in the 
criticism of experimental data. 
Washburn ‘ points out that K is 
not necessarily the true value of the 
mass action constant for c = 0 . Ifc 
u.se<l a graphical method of extra¬ 
polation, depending on two assump¬ 
tions: (i) Lim dK/dc — 0 when c = 
0, and (ii) the curve connecting K 
and c does not show deviations from 
the law of mass action which in¬ 
crease with dilution. The values of 
K arc plotted against c for various 
issumcd values of Ao, and of the 



20 30 40 

conen. X10® 

I'm. !(►. WuHlilmru’M I'AfnipoliitHni Mctliod 


Ijittor those nro rejected wliicli cause the curves at hi^h dilutions to assume 
radical clianges in direction (see Fig. 10). In tliis way, it is claimed, the value 
of Ao may be feund with nn accuracy of O.OI per cent, provided the conduct¬ 
ance data are equally accurate an<l extcjid down to 0.00002 n. If the conduct¬ 
ance data extend only to 0.0001 n., the value of Ao is accurate to about 0.2 
per cent. 

The method proposcil by Bates * is really tlie same in an analytical form. 
The equation of Storch: 

A’‘c'‘”VAo"~‘(Ao — A) = const. 


is applied by fitting it to a small ])iece of the curve at a time, the two parameters 
Ao and n being allowed to vary at dilTerent parts (tf the curve. \ lower limit 
of Ao is found by putting n ~ 2 (law of nua^s action) and finding A® from the 

' Trans. Farad. Soc., 15. US 
’ J. /two Chem. 40, 122 (l'.HS>. 

»./. .4m. CMm. .W.. 42. I. 10S7 (1020). 

*•/. .Im. C/iCfn. Site . 37. 1-121 i,lOl.')). 

*./. .Iwi. Chon. Sue., 40. 122 1,1018): of. Kemlali, ihii{ . 40, 022 ^101S^. 

*y. Ant. Chin. .SV.. 35. 510 (1012). 
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two lowest concentrations. An upper limit of Ao i« found by trial, taking the 
largest value of Ao which does not cause corresponding values of n ttj pass 
through a maximum. Bates’s values for A„ are about 0.05 unit lower than 
Washburn's—an altogether inappreciable amount. 

The method of extrapolation usoil by Washburn lias been eriticixed by 
Kendall* and by Kraus.- Kendall points out that the inetliod is the same as 
one used by himself* in 1912, but Washburn, uhiisf giving Kendall credit for 
using the method in a particular case. cIai^l^ that his (twn method is more 
general, and Kendall has admitted the claim.* Kraus’s paper i.s mainly con¬ 
cerned with the manner in which K varies witli r He rejects his former in¬ 
correct assumption of the inaccuracy of Kohlra\isch and Malt by’s data, but 
now applies his equation beginning at a concentration of 0.02 u. instead of 
3«., as previously, and litids, with (piite dilTerent mov values of thei four 
parameters in it, that the dilute end of the cur\e. which he formerly rejected 
in foto as inaccurate, can now be >cry .•‘rifi'factonly fitted, “not unnaturallv.” 
as Washburn (lor. cit.) remark‘d. The \alue of K found i.s very different from 
Wa.shburn's, viz., 10 X 10 * insfeail of 200 X 10 * (Wa^hlmrn). 

Kraus now* appears to tliiuk tl»at )li^ \alue of A’ w too small. Kran.^’s 
objection that the plots af the fir-^t ami second «leri\alives of Weiland’s A', 
r curve, on which Washhurn’s ca!culati<ms are hase«i, are irregular, seems to 
the writer to have very littN‘ weight, since >inall errors would then ))c greaflv 
magnified. His ohjection to \\ ashhunrs method of evtrapoljition, on the 
other hand, seems quite sound, .•dtlmiigh W;ish}*urn does not seem dispos<‘d 
to admit it, and .some further theoretical '•iipporf for the method slmitld he 
given apart from tlic assumption of the iiltiniaf(‘ obedii'nee to the law of mass 
action at high dilutions. Tlu' rogioti of concf iitialions employed by Weilaml 
extend.s’, howcv(‘r, so close* to infinite diliifion, that \\a*'hl)iirn’s values are 
probably very nearly corn'd. Kraus’s <lis]i((siii(ui to tn-at Weilaiid'.s data 
as po.ssibly inaccurate i.s rightly char.icteri/ed by Wa‘*liburn * as too nearly 
resembling his former treatment of Kolilraii-eh and .Maltby’.s fjgnre.H to merit 
very serious c<msj(lerafion. 

lajronz and Landd' a.ssuiiie comph’t*' mni/ation at all dilutions and con¬ 
sider that changes of condiictn ily arc ditr to cliangi’.s m the mobility of the 
ions on dilution. lnstea<l of the expre^’‘i»»n 


A = ofl/o i !’(,) 

tlicy take 

\ = u T V ;ind A,, - Ua -f t’l,. 

* J. Am. (’hem. Sor , 40, 
ij. Am. Chmi. Sor., 42. 1. lO'': 

*J. Am. Chem. 101. I27.'» 

‘2. Am. Chan. S(h- , 42. 1077 tlUjO;. 

‘ Propertiw of F.loftnnillv S'.-i' Hi-, lU.'i*. p. 1<K> 

*J. Am. Chrm. So, . 42. lO-iO (lUgO) 

’ Z. anorg. Chem.. 125, .*>9 
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The changeg of mobility with dilution 

u/ut = X and v/vo = y 
are assumed to be characteristic for each ion. However, 

(1 - XK-)lil - Vci') - oo'ist- = «, 

(1 - *Na- )/(l - !/ci') = const. = b, 
and 

(1 - )/(l - ^k ) = const. = c, 

wliere n = 1.079, b = 1.390, and c = 1.292. These values are easily found 
for salts. In the case of acids and bases tlie sodium or potas.sium salt or the 
chloride is used. Thus, in the case of the anion, the conductivity of the 
potassium salt is found at two concentrations; 

CiAi = UK,- + V, and C!A 2 = uk,- + vi. 

If 1 / = v/vo, then 

(1 - Xl)/(1 - yi) = (1 - Xi)/(1 - yt) = const., 
whence Va can be found. 

Another method ' is based on Ilerz’s theory (sec later). V'alues of A are 
plotted UKainst e''" on a prescribed scale, and the curve transformed to a form 
of the universal curve 

A„ - A = /(c''>). 

Hy comparing this with a series of standard carves on transparent paper on 
the same scale the value of Ao can be read off. Lorenz ^ from .a review of 
available data conclndes that it is not possible to .say which of Kohlrausch’s 
eciuations, 

Ao - A = aC- and Ao — A = k''", 

is more accurate. Since the deviations from the mean values show no relation 
to the constitution of the ions, the constants a and h arc "universal,” and he 
calculates n = 91..Il and b = .').S.2 for organic ammonium ba.scs. The two 
crpiationa give slightly dilTercut values of Ao, and the formula 

Ao — A = ac' 

is proposed. 

The theoretical consideration of the deviations from the law of mass action, 
which lie at the root of all methods of extrapolation to .\o, will be considered 
in a Inter section. 

Conductance and Viscosity: The resistance offered to the motion of the 
ions in a solution has an effect on the conductivity, and the viscosity of the 

' liOmiB. Z. anniy. Chftn., 118. IMK) 

*Z. atiorg. Chrm.. 108. hi 
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solution may thus be expected to Imve some inHueiice on conductance. TJiis 
will be small below concentrations of about 0.1 a., since such solution.^ nsnally 
have practically the same viscosity as pure water, but at higher concentra¬ 
tions the calculated ionization may be changed by 7 or S per cent according a.s 
vi.scosity is or is not taken into account. The effect of visco.-ity seems lirst 
to have been pointed out by G. Wiedemann in l.S.'itl.i 

At infinite dilution the separate ions shouhl move indepemlentlv, and it 

would be expected that the motion of the ions would then dep.I only on 

their nature and on the .s(]|vent. This does not appear to be the ease;’ the 
product A,*; (tj = ybeosity) varies from solvent to .solvent, so that the eipiiva- 
lent conductance in one solvent cannot be caicnialeil accurately from that 
in another by multiplication by the in\er.se ratio of the viscosities. If the 
conductivities of the individual ions are compared, the ratio varies from ion 
to ion, so that the ratios of for the s.ame solute in difTerent s<dvents cannot 


be con.stant. 

At moderately high concentrations 



Fl(i. 11. Ififlut'Dce of flifiiiKoim 

d«<‘tivity of afiueou-nKf 'iHoiii.at 0° \ is tin tm- 

ofirrooted curve, li is the fnr\<‘ from fin 

etjuiition (cA0*/rA«(An-A') =((U».st. (cA' Ani" 
where coii«t. = 2 02. Ao - M 12. ii - l.Al mul 
A' « Aijyijo. (' IS Ihc fluidity cune ut i «• . 
the |jl4it of 1 ) 0 / 1 ) HKiiinst loji (c<)ncii ). 

' .-Inn. Physik, 99, 22H (IS.'iO). 

* Kraus and Bray, J. Am. Chem. S<>c , 

* Brit. Aae. Rep., p. 344 (18W)). 

*Ann. Phyatk, 37, 172 (ISSO). 

‘ Bousfield and Phi. Traru., 

Chem. Soe., 34. 454 (1912). 


tlio \isoi»sitv iisnallv incmiso.s willi 
the C'lruMMd ration, but Mitnotiine.s in 
atjueotis Milutions it passes thniunh 
a niitiiiiHiin. It di^peiul.s liotli on 
^olute ainl wilxfuit. If the spiM'ds 
of the ionj> dopenil on tln‘viscosity, 
they will al.^t) depmid on c<incenlra- 
tion, so that the etpiation of Kolil- 
raiiseh-.\jTlienius rr = A/A,., will 
no longer be true. 

Tlie work of Arrhenius* and of 
Iai(lekiti}£ ^ seems to show that the 
ionic and bulk \Iscositie,*^ are not 
iihuitical, becau.^e a jelly conlaiiiiiiK 
.silt conducts almost as well after 
as before solidification. 'F h e as¬ 
sumption of inverse proporthmality 
between conductance and viscosity 
has often been made, i.e., it is snp- 
petsed that fA/A„)(»j/Tio) ^ive.s a 
better value for a than the simple 
ratio A/Ao.'’ It has been definitely 
shown, however, tliut tlie simple 
proportionality l,)ctwcen conduct¬ 
ance and fluidity (1/vi.scosity) iis- 


204, 2K9. 291 (1904); Noyes and Falk. J. Am. 
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mined does not exist.' Johnson * considers that, except in the oases of H' and 
OH' ions, the equivalent conductance of each ion is a function of fluidity, 
4 ,= l/v, of the form A = where m is a constant varying from 0.81 to J .03 
(or venous ions. This would lead to the expression: ’ 



for the ionization, 70 being the viscosity of the pure solvent. The value of m 
is usually less than 1, but approaches 1 for .slowly moving ions. The relation 
does not apply to acids and bases, for which the equation; a = A/A„', is pro¬ 
posed,* in which A is the equivalent conductance of a solution above which 
the vapor pressure of water is p, and A„' is the value for infinite dilution when 
a non-electrolyte * is added so as to give the solution the same viscosity and 
vapor pressure as the first solution. 

Change in viscosity may in general be brought about by: (i) change of 
concentration (including addition of a third substance), (ii) change of pressure, 
(iii) change of temperature. Kraus ‘ has considered these factors .separately 
in connection with ionic mobility. Solutions which exhibit a negative xiscosity 
effect (i.e., viscosity decreases with concentration increase) have conductances 
directly proportional to the fluidity, and the same also probably holds for 
changes of viscosity due to change of external pressure. As a rule corrections 
cannot be made in this way with solutions exhibiting a positive viscosity 
effect (i.e., viscosity increases with concentration increase), although it may 
sometimes be applied by considering each ion .separately. In the relation * 
A/A' = t)", where A and A' are respectively the equivalent conductances in 
media of unit viscosity and viscewity y, the value of m approaches 1 with largo 
ions and when the molecules of added non-electrolyte are small. This has 
been confirmed by Kieran ’ with solutions of HCI and KCl in presence of 
sucrose. It is considered that the change in the true transport number of an 
electrolyte with change of concentration is due to the different effects of 
viscosity on the two ions. In non-aqueous solutions, the ionic velocities 
change much less than the fluidities, although at high concentrations a marked 
influence is apparent. In such cases, correction of ionization for viscosity is 
not possible. 

At higher temperatures, the velocities of the different ions in aqueous 
solutions tend to a common limit, wliich has been supposed to indicate that 
the ions become equal in size.* The equality in size ha.s been assumed to 
indicate hydration, which would then increase with rise of temperature.' 

' Oreon, </. Chem. Soc., 93, 2023, 2049 (1908); Sidgwick nnd Wiltton. ibid., 99. 1118 (1911). 

Am. CAem. Soc., 31. 1010 (1909). 

*Wa»liburn. J. Am. Chem, 6’or., 33, 1451 (1911); Sach^nov, Z. Blektrochcm., 19, 588 
(1913). 

^Wosliburn and WUliamfi, J. slm. Chem. Soc., 35, 730 (1913). 

* The influAQce of non^elcctrol^'lea on ionisation ia discussed later. 

• J. Am. Chem. Soc., 36, 35 (1914). 

’ TVans. Farad. Soc., 18, 119 (1922). 

*Cf. Kohlrausoh, Ann. Physik, 154, 228 (1875); 62. 209 (1897); SiU. her. jyreme. Akad., 
26, 572 (1903): Grotrian, Ann. Phyaik, 160. 238 (1877); 8, 259 (1879). 

> Martin and Masson, J. Chem. Soc., 79, 707 (1901); Green, ibid., 93. 2023 (1908). 
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The viscosity vanes with pressure,' and the pressure effect also varies with 
temperature. In tlie case of pure water the viscc«,itv decrea.ses rapidly with 
increase in pressure, the rapidity of decrease beiiur less as the temperature 
rises. At very high pre.s.sure8 the effect cluing,sign, and the visositv in¬ 
creases with pressure (inferred from the .shape of the curves). With non- 
aqueous solvents, viscosity increa.ses with iiressure,' the merease Iwing greater 
the greater the viscosity. A\ith increase of concentration the decrease in 
viscosity with pressure in the ease of aipieous solutions hecomes smaller and 
ultimately becomes an increa.se. The elTi'el of pressure increa.s.'s when the 
temperature is lowered." 

Influence of Non-Electrolytes: I he eonduetance of atpieous solutions 
usually diminishes on addition of noiwleetrolyti's in not too large amounts, 
the influence being exerted partly on the ionization and partly on the moliililies 
of the ions.* With further addition the comluctivity slowly inereiusi's.* The 
effect is closely related to the viscosity change,* although colloids have usually 
only a slight effeet,’ except in large amounts.' The temperature coeflieiimt 
of such solutions is u.sually nearly the same as that of pure aipieous .solutions, 
unless the viscosity is greatly aff,'cted.’ 

Influence of Pressure on Conductivity; The inlluencc of pri'ssuro on con¬ 
ductivity has been very thoroughly studied. The eipiation: 

(d liiKfil/i)j. = xvinr 

was deduced by Planck** for dilute solutions. K is the cpiilibrium constant 

‘ Cohen, Ann. Physik, 45. (ISILM. 

*Cohen. loc. at.; HiiiififPii, -Inn. Phynik, 22. .'•Hi Warlinrn ainl Sin-ht*. rind.. 22, 

618 (1884). 

*Cohen, loc. at., Sflimidt, Z. }>ltysik. ('hmi., 75, (1!>J0). On vinciwity in 

very conceutrutod solutionts s<-u Uahiimwit-i h. Z. phitmh. ('hnn., 99. IWH. 417. 4111 (1U2I). 
Oij viucosity and ♦■unduchinct* M*f II. Ji.ntH iiiid Ins •■o-workfr**. .On. ('hrm. J , 37. •lO.'i 
(1907); 42, 37 (1909); 46, l.ll (1911). /. Chnn . 61, 0^11 (11«>K): 62. 44 (HM)K); 

81. 68 (1912); 85. 51.1 (lOl.l); J. Chtm. phy-i. 12, .{.k,*, (I'.di). J. An,. <%m. Soc., 37, 1194 
(1915). 

^Stephan, g4n». Physrk. 17, OT.l (lHS2i. \aiu. 1/ .\rad. Prltrsh.. 30, N<». 9 (1K82): 
.Arrbeniua, Z. physik. Cheni., 9, 487 (1S92): Hollitnd, ,!»<« Phyxik, 50, 2IU (1S9.1), Siriiidbcru, 
Z. physrk. Chem., 14. 161 (1891), \Vald<-n. ,l>ul. 15. 196 (ls94). Cohm. xbul , 25, 1 (1898); 
Walker and Humbly, J. ('him. .Soc.. 71. 61 ils!);). K'plh, Z. physik. Chm , 42, 2(K) (1902), 
cf. Wildermnnn, dnd., 46, 4.3 (190.3); Jlnrdoy, 'rh<»iitT< iiixl Vpiiicby, J. ('kvm. Sor., 93, 538 
(1908); Green, tbid., 93, 202.3, 2(M9 (19<iS). 

‘ Arrheniuo, loc. at.; ifcrhaps dm* t«» hjdrniKiii *.1 inm-flf'ctmlyO*. 

•Stephan, Arrhenius,/'«*. ft/,■ MuhsouIkt, ('i>mi>t. rnvl , 130.7.3.3 (1900); »jupra, Via* 
posity. 

^ Levi, Gaz. chim. xtal., 30, 64 (liKK)). 

• E. Wiedemann, Ann. Physrk, 20, .)37 (IHKij. rietzen-HfimiR, drill., 35, 467 (1888); 
LOdeking, tWd., 37. 172 (1SS9). 

* Di riommo, Suov. dm , 2, 81 (1901), Htarrk, Ikilrl. Ann. I’hynik, 25, 713 (1901). On 
conductivity of gelatine sohitions eec Palmer, Alfliley and I>K*b, J. Gen. PhynoL, 3, 801 
(1921). 

’•Ann. Physik, 32, 494 (1887), Priiun, xbrd , 30. 2.50 (1887), Z. physik. Chem., 1, 2.59 
(1887); see under Therniodynaiines. 
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and A V the change o( volume in the dissociation of 1 mol. of electrolyte. From 
this, the change in conductivity may he calculated. The effect has been 
examined experimentally ‘ and the theory generally confirmed. 

Korber, who used pressures up to 3000 kgm./cm.®, found an increase of 
conductivity, the magnitude of the effect depending on temperature. In the 
ca.se of acetic acid at 20® C. the results agreed with Planck’s formula, but at 
higlior temperatures the conductivity increased instead of decreasing according 
to the formula. Tlie effects of pressure on ionic friction and viscosity of the 
solvent c(jrrespond in the ca.sc of sodium chloride but not for the pota.ssium 
salt. The influence (»f pre.ssure on ionic friction is additive for the two ions 
in the case of strong electrolytes. With increase of temperature the isothernials 
representing the inllucjice of pressure on ionic friction for different electrolytes 
tend to approach one another, but H ’ ions are exceptional. Up to the highest 
j)roH.sures the direction of the influence of j)re.ssure on the conductivity of 
strong electrolytes is independent of concentration up to moderate concentra¬ 
tions, but the magnitude of the effect becomes smaller as the concentration 
increases. For dilutions greater than 1 mol. in 100 liters, the effect of the 
solvent water becomes appreciable. 

Schmidt examined the effect in noJMuiueous solutions, using eleven organic 
solvents. The effect was divid(*d int<) three factors: (i) change of volume, 
(ii) change of ionization, (iii) change of visco.sity. The latter is not include<l 
in I’lanck’s formula. The relative importance of these was examined. The 
effect i.s much greater than in aqueous solutions in the case of strong elec¬ 
trolytes, but less in the case of weak electrolytes. The influence of pressure 
diminishes with rise of temperature and increa.se of concentration. In the 
case of Nl'TJ the logarithm of the re.sistanee inerea.ses proportionally to the 
pressure. With non-as.sociating solvents the influence of |)re.ssure increases 
at 20® linearly witli the viscosity of the solvent. 

Drude and Nernst pointed out that the experiments of Kohlrausch and 
llullwachs ® showed that the ionization of an electrolyte is always accompanied 
by a decrea.se in volume in the case of aqueous solutions, and they call this 
contraction of water in presence of free ions, ckvtrostncHoi). It indicates that 
the dielectric constant of the solvent should be increa.sed by pres.sure.^ In 
aqueous soluthma the c<tntraction amounts to 10 12 cc. per ecjuivalent of uni- 
univalent electrolyte ionized. In n<m-aqueou.s solutions the corresponding 
figure is about 13 cc. 

* Fiuk, Ann. Phumk, 26, 4S1 (issr>); Fuiijuhk. Z. physik. ('hnn., 14, 073 (1H94); Piesoh, 
Her. Wien Akiui., 103. 7fi4 (IWM); Lussjuih. Xiun. Cm., 2, 2(W (IHO.'i); 5. .357. 441 (1897); 
Z. ifhyHik. (’hern., 76, 420 (1911); THnniiunii, Z. i)hysik. Chan.. 17, 725 (1895). Taiiimanii 
ttud UoKdjawloiiMky, 27, 457 (1898); Tummuun. .•!?»«. Pht/nik, 69, 707 (1899); Fous- 
wat'ttu, Compt. rend., 104, llGl (1887); Hums. ,4m. J. Set., 40. 219 (1890); Korber. Z. phytik. 
CAem., 67, 212(1909); 77,420(1911); Schmidt, . 75. ,305 (1910); Luther iti Winkelmana’u 
Phy*ik, IV, i. 433 IT., for other fuetors HuprMujed to nifluonee conductivity. 

* Z. physik. Chan., 15. 79 (1894). 

* Ann. Physik, 53, 14 (1894); Kohlriiusch, ibid., 56, 185 (1895). 

* Non-t'Icctrolytes, »eo PoIowbow, Z. physik. Cht'nt., 75, 513 (1911). 

•Carmm und Levi, (JaxeUa, 30, ii, 197 (1900); Walden, Z. physik. Chan., 60, 87 (1907); 
Nerust. I.»ehrbuch. 8-11 Aufl., p. 449. 
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The relation 

A = (.1 - H) + /(, 

'‘00 

where A is the percentage change in ilensiiy per gram ecpiivnlent of <lissolve(l 
electrolyte, and .4, H are constants re|)resenting respectively the percentage 
changes in density caused liy one gram eipiivalent of ioniied and ii<m-ioni«ed 
electrolyte, has been put forward.' In the case of some electrolytes the values 
of li indicate that the dissolved electrolyte has the same volume as the solid 
•salt, whilst salts forming hydrates in the solid state are hydrated in solution. 
Some electrolytes do not comply with the eipiation; the anomalies are traced 
to complex ion.s or the affinity of the salts for water The density increa.se is 
greater the greater the sum of the mobilities of the constituent ions. 

Von Ilevesy" a.ssnmes that ions, or disperved charged particles, lend to 
exhibit a constant potential difference between theimebes ami the solvent, 
amounting to about 70 millivolts. Ions with smaller radii will attach water 
molecules till this gives a radius of 2,.H X III ' cm. The solvent is contraeleil. 
If the size of the ion is iiicrea.sed beyond this by hydration, the mobility is 
reduced, since the P,D, i.s also reduced. I.orenz ' has criticized the theory; 
it holds only for organic ions with 27 atoms Those with fewer atoms have a 
smaller, those with more a larger, radius than 2 .S X III 'em and there is no 
discontinuity in passing through this |ioint. 

Influence of Temperature on Conductivity: The speedie eoiidiiolaiice » in¬ 
creases, usually, about 2 per cent per degree i|se in teni|ieralure in ai|neous 
solutions. Kohlraiiscli ' represents the elTeel by the forniula. 

K, = *i,ri f a(l - bS) f 11.11177(0 - I)(II77I(/ - bs)’], 

where x, and xis are the condnctiiities at C C, and bs^ (' , and o is a specific 
constant which, in very dilute .solutions, varies from I) lli.'l for lINtIa to 0.II2B2 
for NajC 0 a.‘ 

' Magic, PhyA. lin , 25, 171 (IIJOU). Iftniiwill'T, .l««. 30. >'7.{ (IIMKI), 7,. nnury. 

Chem., lie. 42 (1021) (taliliM of .t ami //). Ciaii-.n. PUyH.k. 44. HMi7 (llHI). 37. :»1 
(1012), finds tliat with ri'^o of ti'rnpcratiirf'. ,1 H tfinU lo tin- same \itliw* ff»r all flfftrol.sten. 

ijnhrh. liadiookt Ehkfroink. 2. 11*) (lUlIj, 13, 27.1 

*Z. auorg. ('him., 105, 17.') (1!)1!)). cf. v<>ii 7 ,21, 121) (1017). 

^SiU.hr. PreuEA .lAW . l(>2fi {l‘.M)l). .'.72 (I'WC). 

^TciniHTalurc nM-frifu nl'.. Kolr:iii*‘rli an.l Molix.rii. ly<‘iUrnii()g*‘n. p. MO IT.; Kohl- 
rau.Hch and (Imtriun, .l«n. PhyAik. 154, 1. 21.') (1.‘'7.')), (Irninun, 151, ;i7H (lis74), on flnidily, 
iM., 157. i;i0 (IK70), 160, 2.1S (l.s77). 8. .>2') (1K7'.)). Kohlruiiwh, ihul., 159, 2:i:i (1870); 
Otlcn, DtxH., Munich (1SS7). .'':u’k, .Ifi.i. Phy^fk. 43, 212 (IKOl), Ilollanfl. diid., 50. 340 
(1893), Beet*, thul., 117, 1 (1M)2): Vm.-fiihm, Atti Tonno. 20, MOO (IKS.’)); KmnnhalN, 
Z. phyutk. Chrm., 5. 2.'’)0 (l.StX)); Arrlu-imi-. iM . I. Ol (1SS7). 4. m (IKHO); 8. 410 (1801); 
9. 339 (1892): SohalK ihui, 25. 407 (18<)N. H .lalin. iW.. 16. 72 (180.')); Hndolphi, »W., 
17. 277 (180.5): Dorn and Vollinfr, .lim. PhiM, 60. 4f.8 (1807). W. Foster. Phyii. Uev., 8, 
257 (1890), KahlcnlTcrg. J. Phy*. Chrm., 5. .‘{'lO (I'.M)!); H. f. and Dougliw, Am. 

Chem. J., 26. 428 (1900): Ljlo ami Honking. I'hil. Muo-. 3. 487 (1002), Hnictt arul Allen, 
J. Am. Chem. .Soc., 24. G67 (1902); llnnttbch ami I)avi<|j*on, Her., 31, 1012 (1808): Dcnnhsrdt, 
Ann. Physik, 67, 325 (1899). A. No>rx, Puh 63, ('arrugu: Ingl. WaghinyUm. 1907; Noyea 
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A more accurate form of Kohlrausch’s equation is: 

*, = *,*[1 + a{t - 18) + 0.0163(a - 0.0174)(i - 18)»].> 

The equations may be applied to incompletely ionized electrolytes with close 
approximation.’ Arrhenius pointed out that in such cases the heat of ioniza¬ 
tion is involved, and in some instances the decrease of ionization with rise of 
temperature may outweiKh the increase of mobility, when a negative temper¬ 
ature coefficient results (e.g., pho.sphoric and phosphorous acids), and a 
maximum conductivity i.s reached at a particular temperature.* This is 
generally found also at high tempernture.«.* The temperature of the maximum 
is lower the more concentrated the solution. The work of Noyes and his 
collaborators showed that the higher the conductance of the solution the 
lower the temperature of the maximum and the lower the concentration at 
which the maximum appears at a given temperature. The more complex the 
salt the lower the temperature and the lower the concentration at which the 
maximum appears. For strong acids the maxima lie at temperatures con¬ 
siderably below those of binary salts. The ionization of strong electrolytes, 
apparently without exception, decreases with rise of temperature, but at lower 
temperatures the rate of decrea.se is relatively small. In the case of weak 
acids and ba.scs the ionization increases between 0° and 40° and then decreases 
rapidly nt higher temperatures. Sulphuric acid, which ionizes in stages, 
exhibits peculiarities at different concentrations. The ionization constant of 

and CoolidKO, Z. pkj/sik. Chem., 46. 32.1 (190.1) (NaCl niid KCl to 30G*); Kato, Mem. Coll. 
Sd. Knd. Kyoto, i, .1.12 (190S) (113804 to 218®); Noyfs and Falk, J. Am. Chem. Soc., 34. 
464 (1912) (0® find IK®); Noyos and .Johnston, ibid., 31, 987 (1999); Johnaton, ibid., 31, 
1010 (1009) (to l.')0®); Noyos, Kato and S^isinjin. Z. Pkysik Chem., 73, 1 (1910) (to 306®); 
Noyca, Melohor, Cooper and Enstiimn, ibul., 70, S-l.*) (1909) (to 306°): (lauaon, Ann. Physik, 
37, 61 (1011): H. Jones, Pub. 170, Camcgie Inst. Washington, 1012 (0® to (J5®): Jones 
and (letninn, Z. physik. Chem., 49, I.S.') (1904); Jones and Jaeohson, i 6 ui., 40, 3.65 (190S), 
Jones and West, Aw. Chem. J., 34, 3.57 (1905); 44, 481 (1911); Jones and White, ibid., 42. 
620 (1900); Jones and Howard, ibid., 48, 500 (1013); Jones and Winston, t&id., 46. 368 
(1912): Bartoli, Rerul. Inst. Lombard., 28. 240 (1895); Baiir, Z. physik. Chem., 23, 409 (1897); 
Bousficld and Lowry, Proe. Roy. Soc., 71, 42 (1903); l) 6 Kui»ne, Diss., Strashurg, 1895; Euler, 
Z. physik. Chnn., 21, 267 (1896); Felii>e, Physik. Z., 6 , 422 (1905); Gnesotto, AUi Inst. 
Veneto, 59, ii, 087 (1900); Hechler, Ann. Physik, 15, 157 (1904); Hunt. J. Am. Chem. Soc., 
33, 796 (1011); Kuna, Z. physik. Chem., 42. 501 (1903); Lussana, AUi Inst. Veneto, 4, 1466 
(1801): Miiller, Rull. Soc. Chim. France, 11, 1001 (1912); Haach and Hinrichson, Z. Elek- 
trochem., 14, 40 (1008); Whethani, Phil. Trans., 194, 321 (1900); Proc. Roy. Soc., 71, ai2 
(1003): WOmiann. Ann. Physik. 29. 194, 023 (1909); Wood, Z. physik. Chem., 18, 521 
(1805); Nommnd, J. Chem. Soc., 107, 285 (1916). 

* Luther, in WinkeUaunn’s I^hysik, IV, i, 425. 

‘Arrhenius. Z. physxk. Chem., 4, 96 (1889); 9, 3.19 (1892); Euler, ibid., 21, 257 (1806); 
Rivals, rend., 125, 574 (1897); Steinwehr, Z. physik. Chem., 38,185 (1901); Kortright, 
Am. Chtm. J., 18. 365 (1896); Hanlasch, Her., 32. 3066 (1899); Guichard, ibid.. 32, 1723 
(1809); Aliegg, ibid., 33, 393 (1900); Jaeger and Kapma, Z. j^ysik. Chem., 113, 27 (1020) 
(HCeuruto measurements to 1600® with fused salts). 

»Cf. 8 Vk. Ann. Pkysik, 43. 212 (1891); Jones and MacKay, Am. Chem. J.. 19. 83 (1897). 

^Malthy. Z. physik. Chem., 18, 133 (1895); Hagenbaoh, Ann. Physik, 5, 276 (1001); 
Kramers, ArrJi. NM., 1, 455 (1898); especially the work of Noyca and collaborators in 
preceding leferenees. 
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water Kx =■ [H ']COH'], increases very rapidly at lower temperatures, paaein* 
through a maximum about 218°, and then decreases: 

0' 18“ 25“ 100“ ISO” 218“ 300* 

g^XlO" .JK 223 461 I6« 


The results with salts at high temperatures may be affected by hydrolysis. 

Larmor' suggests that the temperature expression 1 + at + may be 
factoriaed: (1 + nt)(l + f>>), end considers that a expresses the effect on the 
viscosity of the solvent, and b that on the electrolyte. Lyle and Hosking • 
showed"that the equivalent conductance and flnidity of solutions of NaCI, 
when plotted against temperature, give similar hut not identical curves, which 
indicate that both A and fluidity would vanish at - .'LL.')” Rasch and 
Hinrichsen* suggest the relation log s = - y/J’ + C, where y and C are 

constants. , . , • 

Kohlrauach’s Law: A simple relation between values of A, for various 
salts in dilute solution was discovered by F. Kohlrausch ‘ in IST.'i, and con¬ 
firmed by later more accurate measurements.* The following table gives 
values of A, for two pairs of salts with common ions' 


Cl.. 
NOi 


K Nil 

130 10 lOS.U!' 

1211 .Ml m'>'33 


The values (KCl - KNO.) and (NaCI - NaNO,) are .l.M) and .T ,( e- 
spectively; those Of (KCI - NaCI) and (KNO. - NaNt .1 arc 2 ,11 and .Lit 
respectively. The difference for two kations is independent of the amons and 

Vic'. VCTS&. ' The relation, which is iierfeclly general in . . . solutions. 

shows (as Kohlrausch pointcl out m l.sT.’i) .. the limiting ^ 

ductance of a salt is additively coinpo.-ed of two 

only on the Ration and the second only on the anion. 1 hi.s indicates that 111 
solution the two ions move imlepeinlently. Thus we can always write: 

A J„ f Jk 


The terms .L and Jv are called by Kohlrausch the f" 

Ration, respectively. The equivalent eonductaiice at iiihnile dilution 
sum of the mobilities of anion and Ration at ,i gi'i n empi rn . '■ 

When values of A. are known, the rah.. <n,r. mobility will enable all Uie 

rest to be calculated. The mobility is closely related to the ™«^on 

ratio which gives the fraction of the total current carried by the ion, as wil 
be explained later. Since the migration ratio of K( 1 is practically independent 

> PhU. Tram., 204. 296 

* Pha. Mag., 3. 487 (1902). 

*Z. BUktrodiem.. 14, 41 (llM)Kf 

tJtu. chim. Hal., 40, 298 (1919). 

* GMingcr Snekr., p. 213 (I8i9). 

* Kohlrausch, Ann. Phy$ik, 50, 38. 

681 (1902); laeitvermfl^n, 1916. p. 1<M 


.„„„.r„nini riri'<'t wllh fis'lJe ■"'id-. Maildala. 
1 .-, (ts'j:)): 66, 7Wi (I8'.W); .SUr. Iv!r. prevm. Akad. Wm., 
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of temperature anil concentration, it was taken by Kohlrausch as the basi.-, of 
his calculations. By a small extrapolation he found, at 18°, 

M.L = 0.479/0.503. 

Hence, „/k' = 0.497 X 130.10 = 64.6, and = 0.503 X 130.10 = 65 .y 
Thence, the values of the mobilities in the following table, referring to 1N° 
were calculated from the values of A„ for the salts. The table includes also 
the values of Noyes and Falk ‘ whenever possible. Starred values are un¬ 
certain. 


TABLE III 


MoDILITIES ok IONS AT 18® C. 




c X W 

1 ' 

c X W 



c X 10' 

hi- 

m.ii 

205 

SCN' 

50.7 

221 

JMk" 

45.0 

250 

Nil- . 

4:}.4 

244 

('MV 

25.7 

244 

IZu’ 

47.0 

254 

I'-' 

40.0 

238 

('lUV 

47* 

_ 

ICu" 

45.0 

_ 

Ah', . 

r)4.o 

221> 

C'jHs<):' 

;i5* 

238 

Jra- 

40.4 

24.5 

K- ... 

ai.o 

217 

('jll$< V 

31* 

— 

isr" 

51.0 

247 

rr.. 

a')..') 

210 

nv 

34.0 

234 

JCa- 

51.0 

247 

Tl- . 

0.5.0 

215 

CIOj' 

.5.5.1 

215 

jHu- 

.55.4 

2 ;io 

1' ... 

(Ki.O 

213 

HrOj' 

47.0 

— 

ll’b- 

OO.H 

240 

Hr' 

07.7 

215 

10.' 

48 

— 

\\hr 

.58* 

230 

HI)-... 

07.5 

214 

CIO.' 

(vl 



(W.O 

231 

(V. .. 

(W 

212 

NO,)' 

01.8 

205 

JSO." 

r)8.5 

227 

H- 


154 

Oil' 

174 

180 

51’rO," 

72* 

_ 

Nil,- . 

04.7 

222 

iNi- 

11 


iCOi" 

(«)• 

270 

!Bc - . 

28 

- 

itV’ 

45 

— 

■IV- 










05.0 

— 

jMii-. 

H 

-- 

JIV 

01 

— 

\\l"' 

to 

_ 

jco” . 

13 

— 

so- 

45 

_ 

tLu"- 

OI.O 








aSm'" 

.).li.5 

_ 







rn," ■ 

23.5 

— 


The values of c are temperature coefficients, i.o., — li)l, where 

I “ From tlie.se the values at other temperatures than 18® may 

he calculated. 

The physical mcanini; of Kohlrausoh's law is clear from the point of view 
of tlie ionic theory: the conductivity is due only to titc free ions, and is addi- 
tively composed of the terms due to the latter, hy addition of the values 
for If and CjHaO/, for example, we obtain the value of A* for the weak acid 
C’HjCOOH, which cannot be obtained directly. The values for the anions of 
weak acids and for the kations of weak bases may be found from the values of 
A,e for s>alts, since ticarly all salts, even of weak acids and bnse.s, are highly 
ionized at high dilutions. Thus, for acetic acid = 313.9 + 35 = 348.9. 

* J. Am. Vheni. Soc.. 34. 454 (11U2). 

* KcudttU. J. Chem. Soc., 101, 1275 (1012). 
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The mass law 

(A/Ao)'c/(l — A/Ao) = const, 
leads to the following equation for a weak electrolyte: 

Ao = AA^cA - fiA,) (c'A’ - cAr), 

where A and Ai are the equivalent conductances at conct'iitralions c and Ci. 
Derick' points out that if the value so calculated for a weak acid such as 
acetic is in agreement with that calculateil by subtracting from Aofor the 
sodium salt, and adding to o/jf, the same value of A« should Im* found by the 
latter process as by the above method. This provides a check on tlie value 
of ohi-, and also serves to indicate uhetlier a “water correction" is necessary 
in tlie case of organic aciils and transition electrolytes. 

The values of I for H' and OIT arc seen to he of great iin])orfance. They are 
noticeably higher than those for otlier mns, and tlieir deterniiiiafion is dillicult. 
Noyes and Sammef^ give d2!).S at IS^fur I!', and 171 for OH'. Kendall * gi\es 
for H' the values 31 ;i.!) ± 0.1 at and 317 2 i: 0.1 at2.r. A large number of 
values for inorganic and organic imis are given l>y llredig. Tlie.ve < rcupiin* 
multiplication by 1.000 to reduce to <dim They refer to 25“. 

When the solutions are not very dilute, Kolilraiiscli’s law no longer holds. 
The deviations may be a.^sumed due to incomplete ionization; '■ 

A - aU, d- M- 

Hence, 

a = A/A*. 

The mobilities are here assumed con.'-tant, and since the conductance is propor* 
lional to tlic number of ions, (lie rate at winch thr-y mo\e, and their charges, 
the change.s of conductance arc referred solely to changes in the number of 
ions. Another way i.s to assume the conductance alway.s tlie sum of the 
mobilities, the latter varying witli dilution. 

A = /j + /*. 

This probably holds good at all concentrations, and gives the surc.sf’ form of 
Kohlrausch's theory. It will be noticcil that a cannot U; found unless tlic 
mobilities are assumed constant, or the changes with dilution arc known. 

The calcultttiiui of a from conductivities when ionization occurs in stages, 
e.g., H 1 SO 4 ’IS* H’+ HSO 4 ' T=* 2H‘-f- requires special consideration, and 
will be taken up later.^ 

' J. Am. Chem. AV.. 36. 2268 (19I4). 

» Z. physik. Chem., 43. 49 

»J. Chem. Soc., 101, 1275 (1912), «ith <Ji»nitwioii of prcvioiw valuos. 

*Z. phyaik. Chem.. 13. 191 (1804). 

»Ostwald. Z. phyaik. Chem., 2, 840 (18H8). 

• Wlketham, Theory of Solution. 1902, p. 226. 

’See p. 549; Harkins, J. Am. Chem. Soc., 33, 1836 (1911). 
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Absolute Mobilities: From the values of f« and 4 expressed in ohm-' it j, 
possible to calculate the absolute velocities in cm. per see. flnder a potenlw) 
gradient of 1 volt per cm., represented by v and u, or under 
a force of 1 dyne, represented by Y, VA Consider the 
solution in a centimeter cube with electrodes at opposite 
faces, and let there be a P.D. of 1 volt between the elec¬ 
trodes (Fig. 12). The current through the cell will be 
I'lo. ic the specific conductance, * amphre. Let the concentration 
U be so small that the solute is completely ionized, then 
the number of coulombs transported per second is- 

^ ihflo Viojla "b 



Let « and v bo the velocities in cm. per sec. per volt per cm., for kation and 
anion, respectively. All kationsin a length t< of the cube will have moved 
through a given section in 1 .second, and similarly all the anions in a length e. 
These are ur\ gm. equiv. and vx] gm. equiv., respectively. Each equivalent 
transports 96,500 coulombs, hence the transport in both directions per second 
will be 90,5OOf« -f e)?j. This is the total current, hence: 

+ «lo) = 96,600i;(u -f a); 


• • ^ O.O 4 IO 36 and V = 0.0|1036 «la in cm./sec. per volt/cm. 

To find U and V we remember that 1 electromagnetic unit of quantity is 
10 couloinbs, and that 1 volt is 10’ E.M.U. The work done in transporting 
1 gm. equiv. 1 cm. under a P.D. of 1 volt/cm. is thus 9650 X 10’ ergs, and the 
force acting on it is 9650 X 10* dynes. The force and velocity are propor¬ 
tional, on account of the viscous drag, hence the forces required to impart 
unit velocity to each ion are 9650 X 10«/u and 9650 X lO’/a, respectively. 
The velocities under unit force (1 dyne) are thus: 

U = u/9650 X 10’ cm./sec., and V = a/9650.10’ om./sec. 

Since 1 gram weight is 981 dynes, the forces in kgm. wt. to impart unit velocity 
are 9.8 X lO’/u and 9.8 X 10‘/a. If M is the equivalent weight, the forces 
per pm of ion are 9.8 X 10‘/Jlf,u and 9.8 X 10‘/M.a. To impart unit 
velocity to 1 gram of potassium ions requires a force of 38,000,000 kgm. wt. 
This explains the extreme slowness of motion of ions in solution. From the 
values of I* and 1„ the velocities of K' and Cl' ions under a potential gradient 
of 1 volt/cm. are.calculated from the above equations as 0.00066 om./sec., 
and 0.00067 cm./sec., respectively. 

The force required to impart unit velocity to a single ion is 9.8.10VfV^«u 
kgm. wt., where Af« = Avogadro’s constant. For the-K' ion this is 2.5 X lO"* 
milligram weight. 

The Migration of Ions: Transport Number. Indications that ions move at 

‘Kohlrausoh, Ann. Phytik, 6, 180 (1879); LeitvermOgea. p. 105; Buddo. Ann. Pkiuik 
15». ei8 (1876). ■ 
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unequal rates in electrolysis had I>cen olitainf.l by Cnielin,* and esi>ecially by 
Daniell and Miller,* but on account of tlie (treat eviwrimental difficulties no 
reliable information was available until the work of llittorf,* Ix'ruh in ISM. 

The principle of the method is seen from I'iR. 13. The trough .Uf is dividetl 
by partitions C and D, either real (apparatus with diapliragins) or iinaKintiry 

(apparatus without diaphragms), into 
tliree parts. These diaphragms are |ht- 
fectly permcal)le and their object is to 
prevent mixing of the liquids by dif¬ 
fusion. Let the trough ho filled with an 
electrolyte, say H('I, the ioji.s of witioh 
intfve with s|)eeds in the ratio U'TT « 
o,'l. Let 1 F he pas.Mal thrmigh frmn 
electrode.s .1 ami li. The following 
changes occur: 

(i) In AC. Total lo.ss of II' = 1 (Miuivalenl, of whicli 5,0 migrated in 
from CD and hence 1/0 was taken from A(\ Also 1/C CV has migrated from 
AC to CD. Thus 1/0 moL HCl is lost fr<tm -IL'. 

(ii) In CD. Tlicrc is a migration of 5/0 H' from HD and 5/0 H' to .1C\ 
Also 1/6 CL migrates in from AC and 1/0 (T out to HD. Total h»ss nil. 

(iii) In HD. Total loss of Cl' is 1 ccpiivalent, of which 1/0 migrates in 
from CD and 5/0 therefore come from HD. Also 5/0 11' migrate out of HD 
to CD. The total ios.s of IICl from HI) is 5/0 mol. 

The losses in neutral electrolyte moUcuhe (IICl) round the electrodes are 
in the ratio of the velocities of the ions moving away from tlie electrodes. 
This result is easily generalized.* 

If in electrolysis 1 equivalent of kation is deposited, a fraction n is taken 
from the immediate vicinity of the eleclntde. and the fracthm (1 — n) migrates 
into the kathode space from the bulk of tlie solution. Thus n equivalents of 
anion must migrate out of the kathode space to make up the total charge F 
crossing any section of the eIectrolyf(*. The current is carried by anions and 
kations in the ratio : (1 — n). The fraction n was called by Hittorf the 
transport number of the anion. The transjK>rt number of the kation is 1 — n. 

If Ik, la are the mobilities of the two ions, tium, by <lefijiition: 

ICL = (1 - n)lH. 

This gives the ratio of hlU when n is known; their sum is C(iual to A, hence 
Ik and la may be calculated .separately.^ 

There is never the slightest separation of the ions in the bulk of the solu- 

^Ann.Phyiik. 44. 30(1h;J8). 

Tram.. 134. 1 (1»44). 

»Ann. Phynk, 89. 177 (Iby.i}. 98. I (lH.>fl); 103. 1 (iHoH). 106. 337. 513 (IS59); re- 
prioted in OstwtUd's KUutsxkfv. Nos. -1 and 23, Lnpz'ig, IhUl, Ann. Phymk, 4, 374 (1S78); 
Z. phynJe. Chem., 39. 613 (1001). 43. 2.10 (1003). Hitlorf and Sulkowaki. iJ/ul, 28. .MO (1H99). 

*S©e Larmor, ^ther and MatUT, ('imihridgc. 1900, p. 290. 

•F. Kohlrausch, GdUtny. .\Whr., 1S76. p. 213; cf. pp. 5-30,540. 
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tion, and the result is independent of the ultimate fate of the ions which 
move.* 

In the case of mixed electrolytes, Hittorf assumed that they carry the 
current in the ratio of their conductivities. The detailed calculation, which 
involves the theory of ionization, shows that the quantity of any ion passing 
a cross section is proportional to its concentration in the mixture and to its 
mobility.* 

Determination of Transport Numbers: In the determination of transport 
numbers the possibility of the existence of complex ions must be kept in mind, 
and, if these are present, the transport of one ion only will not give correct 
results. In some cases the metal ion may unite with salt, or a complex union 
may be formed, by which metal is carried to the anode. The presence of 
C(jmplex ions may be detected by transport measurements.’ 

The principal types of apparatus used are shown in Fig. 14. Type a, 
used by Hittorf, is provided with membranes; the anode, usually cadmium, 
is in the lower vessel, and the platinum kathode in the upper. The membranes 
are not without influence on the results,' and are not now used. Apparatus 
h, used by Hittorf, Lenz,** Hopfgartner,* Jahn ’ and Rieger,’ is provided with 
a glass plug for .separating the anode and kathode spaces after the experiment, 
and is a good type. Type c is a simple one used by VVeiske,’ Lussana,” Ilellwig, 

' Hittorf, Ann. Phi/nik, 103, 1 (IS.'iS). See also Whethoni, Phil. Tmnn.. 184, 337 (1893); 
Z. phliaik. Chan., 11, 220 (1893); KolJrauscli. Ann. Phynk, 62, 209 (1897); Wobor, Z. 
phyaik. Chem., 4, 182 (1889); .S'lfr. bn. prmsn. Akad., p. 507 (1897); Masson, Phil. Tram., 
192. 331 (1899); Z, physik. Chrm., 29, ,501 (1899); Sftodc, ibid., 40, 089 (1902); Abeag and 
(iliusB, ibid., 40, 737 (1902); KlUnincl, Ann. Phyaik, 46, 105 (1892); Zuhn, dnd., 48, 600 
(1893); Lorenz and l*o.sen. Z. nnory. Chan., 95, 340 (1910). 

■ .StackellSTg, Z. phyaik. Chan., 23, 493 (1897); Hopfgartner, ihul., 25, 115 (1898); 
llollna'islor, ibid., 27, 345 (1898); Sehradcr, Z. Kitkirochan., 3. 498 (1897), Rieger, ibid., 7, 
803 (1901); Pfanhauser, ibid., 7, 098 (1901); Ilellwig, Z. mwrg. Chum., 25, 157 (1901); 
Metirogor and Arrlilbald, Phil. Mny.. 45. 151 (1898); Hraloy anil Hull, J. Am. Chan. Soc., 
42, 1770 (1920); Sidaieider and Hraley, ibid., 45, 1121 (1923). 

■Hittorf, Ann. Phyaik. 106, 513 (18.59); Uoacnheiin, Z. aniirg. Chan., 11, 175 (1890); 
Kiatiakowski. Z. phyaik. Chan., 6, 97 (1890); Hellwig, Z. nnory. Chan., 25. 157 (1901); 
Morse, Z. phyaik. ('ban. 41, 709 (1902); Kremann, Z. nnory. Chan., 33, 87 (1903); 35. 
48 (11813); llrcdig, ibid., 34, 202 (1903); t'lichn. Bn., 35, 2873 (1(8)2); Whcthani, Phil, 
rrnna., 184, 358 (1893); Steele, ibid., 198, 133 (1902); Srlilundt, J. Phya. Chan., 6. 159 
(1902); iloytn. Atm. Phyaiyuc, 12. 443 (1919), Palk, J. .Im. Chan. .Sor,, 32. 1555 (1910); 
Hraloy and Hull. Ibul., 42, 177 (1920); Hiion, M,dd. K. Vrlenak. .VeM Iml.. 4, No. 12 (1922); 
Sclineider and Hraley, J. Am. Chem. Soc.. 45, 1121 (1923); Hruy and Maekay, ibid., 32, 
914 (1910); Sandimnini, Omelln. 46, ii, 205 (1910); Lorenz and IWn, Z. nnory. Chem., 
95, 340 (1916): Drucker, Z. BUklrochcm., 18, 236 (1912); Coatuchesen and Alxwtoi, Ann. 
Sci. Vnir. Jnaay, 7. 101 (1912); Jaciues, Complex Ions, 1914, Chap. 111. 

•Hein. Z. phyrtik. Chan., 28, 439 (1,898); Hittorf, dinl., 39, 613 (1901); 43, 2.39 (1903). 

■Ann. Phyaik Beibl., 7, .399 (1883). 

•Z. phyaik. Chan.. 25, 119 (1898). 

' Z. phyaik. Chem., 37. 073 (1901); 38, 127 (1902). 

•Z. Btaktrorhem., 7. 803 (1901). 

’ .4an. Phyaik, 103, 466 (1858). 

"> AUi. Inal. Vaieta, 3. 1111 (1892); 4, 1503 (1893). 
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Rieger, and Mather," in which the spaces are separated by a wide sto))oooli. 
In type d, used by Wiedemann = and Kirinis," the separation is elTeoted by 
letting air into the siphon. Type c was used by Noyes.* .After electrolysis 
the ends are closed and liquid pipetted from the ujiper tubulures. During 
electrolysis Noyes kept the Ii(|uids round tlio electrodes constantly neutral 
by adding acid or alkali. In types /, g, and /i, used by Nernst and l.oeb 



(type g modified),* Bern ftvpe h m.iddied),* Kbtiakoaski (type Carrara 
(type h) • and Denison ami Steele (tyi)e /),' Ha- Inpiids may be run out and 
weighed. Type h is a good one. The object of the bulbs is to decrease re¬ 
sistance, which causes lauding and con\'eetion currmits. 

Ilittorf'" used the apparatus slamn in l ig I--.. Cadmium is u.sed for the 
anode, platinum for the kathode. ... . is NaCI. CdCI. is formed 

'ylm. Chem. J., 26. 47:i (llM)l). 

* Ann. Phystk,97,:i2l (isTu*). 99. 177 (!>>.*.*•) 

* Ann. Physik, 4, .Wi (1 h7s). 

* Z. phyttk. Chfm.. 36, 

phyfik. Chem., 2, 948 (ISSN- 
27. 23 (1898). 

Ubid., 6, m (1890). 

•A/cm. Aoad. Lined, 4, .338 (liK)!). 

»/. Chem. Soe.. 81. 466 

“Cf. Ann. Phytik. lOJ, 1 (IWS). Hem. kx. eU. 
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at the anode, and Cd'' ions move towards the kathode, but, being slow, never 
catch the Na ‘ ions, the two layers of liquid remaining separate as shown. 
At the kathode, all the Cl' ions have migrated away and are replaced by OH' 
ions from the water, and, as these are fast ions, there is mixing, aa shown. 
The hydrogen rises from the kathode and does not cause mixing in the bulk 
of the liquid. 

The original NaCI solution contained 0.01784 per cent Cl and was con¬ 
tained in an apparatus in three parts, with taps. The weights of solution in 
these were: anode part, ‘226.99 gm.; middle jiart, 195,24 gm.; kathode part, 
,331.49 gm. The weights of Cl in these before electrolysis were therefore 
0.04048 gm., 0.03482 gm., and 0.05913 gm. (Note the small quantities.) The 
weights found after the experiment were 0.04671 gm., 0.03483 gm., and 0.05289 
gm. The middle part was unchanged, the anode gained 0.00623 gm., and the 
kathode lost 0,00624 gm. A voltage of 150 was applied for 108 minutes, and 
the weight of silver deposited in a coulometer in series was equivalent to 
0.01021 gm. Cl. (Note the small weights involved.) The migration ratio of 
Cl in NaCl is thus 0.00624/0,01021 = 0.611. This example has been given 
to show the weak currents, long times, and small transports which must be 
used in such experiments. In Noyes’ experiments, on the other hand, a 
current of 0.02 to 0.18 amp. was used for 7 hours, a much greater transport 
was obtained, and the results were correspondingly more accurate. 

The following table gives some directly measured transport numbers of 
the anions of salts. Values marked * are less accurate. The temperature is 
18° and aqueous .solutions were uscil. The concentrations are in gm. equiva¬ 
lents per liter.' 

TADLE IV 

Tmanhpoht Numukhs of Anions of Salts at IS* C. 


m =» 

0.01 

0.02 

0.05 

O.l 

0.2 

0 ..') 

1 

2 

.5 

KCl 1 










KBr 1 

NH 4 CI f . 

.500 

.507 

..507 

.508 

.509 

.513 

.514 

.515 

.516* 

KI J 










NaCl. 

— 

— 

.014 

.017 

.020 

.626 

.037 

.642* 

.MO* 

LiCl. 

.(ili 

.(W 

.07 

.(’9 

.71 

.73 

.739 

.745 

.774 

KNO,. 



-- 

.497 

.490 

.492 

.487 

.479 


AbNOi... . 

.r> 2 s 

.528 

.528 

.528 

.527 

.519 

.501 

.470 

_ 

KOH. 


— 


.735 

.730 

.738* 

.740* 

~ 


HCl. 

- 


.172 

.172 

.172 

.173 

.176 

.18* 

.238* 

JBoCli. 

.50* 

.585* 

.575* 

.585* 

.595* 

.615* 

.040* 

.657 

— 

JCdl. . 

.50 

.59 

.04 

.71* 

,83* 

1 . 00 * 

1.12 

1.22-2.5 

— 

ICuSO. 

—• 

.02 

.020 

.632 

.643 

.608 

.696 

.720 

— 


In the case of uni-univalent salts the ratio is not very dependent on con¬ 
centration to about 0.2 n., indicating a practically constant ratio of I, and h. 

* Kohlrausoh and Holborn, Loitvenu5geu, pp. 213 IT.; Lnthor, Winkelmann’t Physiki 
IV. i, 889 fr. 
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HodiuiB Balts are less constant than potassium salts. Silver nitrate^ which 
has been very carefully investigated, also shows constant results. Acids and 
bases with univalent ions give constant ratios up to almul Other 

salts show deviations even at 0.01 a. Cadmium iodide exhibits a strong 
tendency to complex ion formation, giving u value of n ultimately greater than 
unity. Sulphates give less constant valuc.s than halogen salts, indicating 
greater tendency to complex formation.* 

The Moving Boundary Method: lK)dgc ’ filled a tube with saline jelly, to 
which phenolphthalein was added, colored red by a trace of alkali. One end 
was in contact with dilute acid, and on passing a curreiU the c<»lor was pro¬ 
gressively bleached, and from the rate of motion of the boundary the velocity 
of H' was found to be 0.0025 cm. sec. per v»)lt/cm., as compared with 0.0032 
from Kohlrausch's method and the transport number. Another method in 
which copper ions were driven through a solution just so fast that they were 
able to carry the current without deposition of hydrogen was used by ('. !>. 
Weber.* 


Lodge’s method was improved by 
Whetham,® who used two solutions witli 
a common ion, with the same concen¬ 
trations and nearly the same specific 
conductances, but different in color 
and density, stratified in a vertical tube 
(Fig. 16). In one case 0.1 «. KiCr^O? 
and KjCOi were used. The colored ion 
moved and the rate of motion of the 
boundary could be followed. Addition 
of agar did not affect the results, and 
the Lodge method could be used. Tiie 
gradient of potential was constant 
through the tube, and from the measured 
current and the motion of the bound¬ 
ary the mobilities couhl be calculated 
They agreed with Kohlrausch's value.s. 

The general theory of the inetliml 
is as follows.® A solution of the salt 
AB investigated is stratified between 
solutions of salts B'A and BA\ having 
the same anion and kation, respectively, 
and lighter and denser than AB, 

‘ Kraus, EiectricaliyConductina Systems, p. 



Ij<i 10. Whuthani's Appa- Kio. 17 
ralurt for Moving Houmiory 
Moiwurcnn-niH. 

20, ihinlw variatiotw itl higher conoeutrations 


are oonneoted with chaoges of viscosity. 

• KUmmd, Ann. Phy$ik, 64 655 (1898). 
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MS 

((iviiig the boundaries a and b, which may be seen owing to the different re¬ 
fractive indices of the solutions, even when these are colorless.' After passage 
of the current tlie boundaries move to b'. The ratio of the distances: 
mi'Kail’ + bb') then gives the transport number of one ion. The ions B' and 
A' must have smaller mobilities than B and A, respectively, in order that the 
boundaries may remain sharp.' If only one boundary is measured, the current 
must also be measured. 

An error in this method was pointed out by G. N. Lewis,’ viz., the shrinkage 
of a vertical column of liquid when concentration changes occur at the elec¬ 
trodes, causing a shift in the position of the boundary. These may be allowed 
for in the calculation, but the metho{I as a whole does not seem at present to 
give satisfactory results. 

The three methods used for the determination of transport numbers ’ arc 
(i) the gravimetric method of Hittoif; (ii) the moving boundary method, (iii) 
from conductivity, making use of Kohlraiisch’s law. These have been fully 
discus.scd by Noyes and Lall;.’ The values from (i) and (ii) agree at 18° 
within 1 per cent for IIGl, UNO,, 11,SO,, KCI, K,SO. and Nil, Cl, but for 
other substances (i) gives results 2.o to :i per cent higher than (ii). Method 
(iii) gives results 1 to 3 per cent higher than (ii) for uni-univalent salts, and 
the second method is therefore suspected. In the ca.se of almost all uni- 
univalent substances the values from (iii) at infinite dilution agree to about I 

■Steele, PMl. Traim., 198. 10.5 (1U02): Z. phumk. Chrm., 40, OSO (1902); Stale's work 
was adversely eriticieed liy Abegg and Cans, Z. phyaik. Vliem., 40, 7:i7 (1902), and by Deaisou, 
Aid., 44, 07,5 (ISKI,5). Denison was able to iinprove the method to .some extent, Denison 
and Steele, Phil. Tnina.. 205. 449 (191)0); Tinn-a. FarnJ. ,So-., 5, 10,5 (1909); rf. Luther in 
Winkolmann's I’hysik, IV, i, S80, NernsI, Z. Klrklmhem., 3, ilOS (1N97). The moving 
Imundary method was also used by Masson, Phil. Tmna., 192, :l:il (1899)' Z phyaik Chrm 
29, 501 (1,S99). 

’ Kohlrausch, .Inn. Phyaik, 62, 209 (1897); WelaT, .Sdr./Or. Pnima. Aim!.. |i. ,507 (1897), 
Z. phyaik. Chrm., 4, 182 (1,889); Lane, Z. amiiy. Chrm., 93, 829 (191.5); Lorenz and Nell, 
ihiit,, 116, 45 (1921); Meinnes and Smith, ./. .Iin. Chrm. .SW,, 45 . 2240 (192:1). 

•d. Am. Chrm. Aim.. 32, 802 (1910), Nojes and Talk, diid., 33, 14:i0 (1911), regard the 
incthud ua uiisatiHfactory. 

* Additional i>aiior» on apparaliw and calculation of transport imml>ers: Findlay, Chem. 
Newa, 100, ItCk (IDOO); (’liittock. Proe. Ctinihmluf Phil. Soc., 15. 55 (very low cones.); 

Hiesenfcld and Ucinliold, Z. phf/Aik. Clum., 68. 441) Noyes .and Stewart. J. Am. 

rhi-m. Soi'., 32. n:w (lUlO). Fnlk, ilml., 32. 15.W (It)lO); Drucker. Z. Klcktrochem.. 17. 
8t)H (1911): 19. K (I9i;i); Dhar and Hlmftacharyya, Z. a««ry. Chem.. 82, 141 (1913); Proc. 
K. Akad. HV/cfw. Amsfirdnm, 18. 375 (1015) (at 0®); Strachan and (Mm. J. Am. Chem. Soe.. 
36. HU) (1914); Kraus, dud., 36, 35 (1914); (^laKliuriello and d'.VKostino, .Ittt li. Accatl. 
Lined, 24. i. 938, 772 (1915); llojdweiller. Z. phi/sik. Chem., 89. 2Kl (1915); Drucker and 
Krilnjavi, ibid., 62. 731 (1908); Douinor. rend., 146. 329, 087, 894 (1908); Dnumcr 

and (luilloB, ibid., 146, 680 (1908); C. H. Griffiths, Proc. Phya. Soe. London. 28. 132 (191G); 
Stepnicika-Marinkovic, Monalah., 36. 831 (1915); Ilopfuartner, ibid., 751 (Fe ' slightly 
teiM molnle limn Fe' ): Krumreieh. Z. Elekirochem., 22. 446 (I9l6). Hevesy, ibid., 27, 21 
(1921) (IF and OH'): BalK>ruvak^. tire. tnir. Chim., 42. 229 (1913); Lorena and Pojkju. 
Z. anory, Chrm., 96. 81 (1916); Scan)a. S’uovo dm., 3, 308 (1912); Chandler. J. Aw. Chem. 
Soe.. 34. 662 (1912). 

*J. Am. Chem. Soc., 33, 1430 (1911). ('f. MiHnr, Z. phyaik. Chem., 69, 436 (1909). 
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per cent with those from (i) at 0.005 to 0,02 a, Tlie dilTercncc fnlts outside 
the limits of error with'other salts. 

The migration ratios in fused salts have been iine.'.tiKated {.-.ee "Fused 
Salts”)- ' Ib fused silver iodide the current is wholly carried by the .\g' ion; > 
in glass the kations only carry the current.- 

Dissociation of Ternary Electrolytes: Kohlrausch ' found that the liniiliug 
conductivity was reached at much higher dilutiou.s in the case of .salts such as 
BaCI? than in the case of K('l, and even higher dilutions in the case of ,-alls 
like MgSOr. The calculation of the ionization is complicated when it occurs 
in stages: 

AB,^ All-+ !}'■ All-^ A -+ 11' 


and it may be still further complicated by the |ireseuce of complcv ions. Un¬ 
less the extent to which each stage proceeds is known, the comluctivity gires 
no indication of the state of ioni/ation, owing to the different mobilities of 
the various ions. The matter h.-is been consiilered by several investigators.' 
.lellinek (loc. cit.) points out that three dilTercnl mobilities are in use; these 
are our I, u and i’. The value of a depemis on the valence (charge) of I he ion. 
that of U is inde|)en(h‘nt of \alenee l.oren/ (h-c. cit) shows that wheti an 
electrolyte dnssociates without intermeiliale stages, tlw- value of cr - /I'p,, 
p being the molnr cotnlnctance, gives correct result-, wlnlst the ratio A 
A being the cquimlmt conductance, i-ecpial to a only in the case of nni-uidvaletd 
electrolytes.* 

When intermediate ions are fornn-d, howerer, no longer gives tin- 

correct vaittc of a. In such ca.sea the ionization constants for the se|iarat,e 
.stages mtist be known.' Con.-ider the case of a dibasic acid: 

ii,A ^ ir + iiA' /.i[//.-.iJ ' ['/■I'.I'f'.J- 
-p.l" .'. l.fllA'j VrjA"]. 


it,A'! = [//■J[.l'']/[f/i l] f-'o ll"' ionization con-tant for //;.!: 

II,A ^-2ir + . 1 ". 

M). la-hniaiin, .tim. Wv.-it, 24, 1 (l.ss.-,l. 38. .me, Itsvi,. 

1 Wartnirg, /Iriii. /Vo/oA. 21, Ogg (isstl, W.. 1 I.U 11 : ai,<l |.■g.■lm.■l.■r, ,W , 35, I.,., IthKH), 
Tegctnieicr, itiirf , 41. t.s (IV.IO,. Is.r.-„z, a„.l t aa-n, g Hl.klr..!,.,,, , 10, c-IO (tail 1 

. ,1 c I. . .1 iv» ff f.iiiiid n • <> {<1 f'»r K III fiiM'd l')t( Ij -j- K< i. 

KU'ktrolyHo K(wrhnioliE<‘ii«’r ii. ii . * ' * 

hut (he niclhod i« iiifxart. ■*" I'f' 

M„a.W^26 iaUlss.-..o .. ^ .. , 

11 ni tMl'ilWW- N4,.,a„.rS0-warl../..t-« .SV»-. 32, 1 l.l.'l 11010,, (loM Z. ,iAg..A. 

J-L.: 71, 652 (1910,; .3oak„. ... ./ r,„a„ ,S„ , .01, 127 ,.9,2, 

O 4 w D <i ,// ir .» II ((I d'.ML'), NfM'' aii'l kalk. J. Am < hem. Sor., 34, 

naei! M n 1 , V 1 ni I r ^ .. l'>. '"f Weg-tieider, 

(1012): McHaui. ll-d. Jini'Kt r, < n-.'«• »* ..finuiHt- 

itarf., 20. 18 (11,14,; Drui-kcr. M. 20. s;l ,1911,. «eider, A/eieit,/,. 37 2,1 (Itllm, 
Lorc„«, Z. aaerg. Che,,,.. 05. 310 (I'lKo. 100. lit. illltl,,. Dnieker. /.. vh.ik. 

881 (1920,. 38. fi02 (1901,. bar—-ai. Z a„"rg f te,„ , 125. 281 (1.,.-,. . c ulii, ,. - to 
cKcm.. 11. 215 (1905,. Jellinek. Z. ('tool.. 76. 2a7 (1911,. 

‘Cf, llollsBcld. Trom. tVmid .W . 15, 71 (1919,. 

H'f. Jellinek. toe. ctl., Harkins. J. -Im. (.’Arm. .Sec., 33, 18,18 (1011). 
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The value of k\ may be found from meaeurements of the partition coefficient 
between solvents, when the concentration is such that the second stage of the 
ionization is inappreciable,* or from measurements of freezing-point, and thence 

ii = aV(l - «)!', 

assuming the mass law, or from the conductivity a = nht,, the value of 
being extrapolated by the Ostwald-Bredig rule. The mobility of HA' may 
also be found from conductivity measurements with the salt MHA, and by 
addition of W the value of for the acid HA' may be found.* 

The value of h may be found by measurement of H' concentration in a 
solution of Mil A ^ M‘ + HA' ^ M' + H' + A" by aa electrode, or by 
the conductivity of MHA at very high dilutions: MHA ^ M' + HA' ^ M' 
+ H- + A". If 

[d"]/[ffd'] -h IA"2 = K, 

then 

= /«• + (1 - K)1„a' -I- 2Kh'’ + Kl,r, 
if = + 2h'’ — hiA'), 

and from K we can find ki by Ostwald’s dilution law.* The conductance of 
the acid at very high dilutions may also be determined. Then, if V is the 
volume containing 1 mol., then 

ki = [W][A"]/[ifd'] = a(l + Orl/Tfl - a), 

/»=(!+ a)lu' -h (1 — a)liiA' + 2afa", 

“ = Cm - (In' + i/M')]/(!//■ — hi a' + 21a"), 

again giving ki. Wegscheider * finds 

kt = a[rt« - kiV(l - a)]/i:,T*(2 - a), 

where a = The value of k, may also be fouml from freezing point 

measurements.* 

At very high dilutions we should expect such ionizations ns: 

MX, v=i MX■ + X' ^ M-- + 2X' 
and 

MX I v=* MX,' -{- X' MX" -b 2X' ^ M''' -f- 3A'* 

to proceed practically to completion, and since the ions M'' and M'" carry 
twice and three times the charge on an ion ilf", we should expect the molar 
conductances to reach limiting values about 2 and 3 times that of the elec- 

■ Rothmund and Druokor. Z. physik. Chem., 46. 827 (1903); Dnicker, ibid., 49 5M 
(1904). 

' Cf. Braun, Z. KltUrocbcm., 14. 729 (1908). 

• Luthnr, Z. iVetfrockrm.. 13, 290 (1907). 

• ilmatih., 23, 699 (1902). 

•Luthnr, Z. EUktrochm., 13. 294 (1907): OCbel, Z. phytik. Chem., 71. 067 (1910); 
Jellinnk, arid., 76. 267 (1911). 
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trol 3 fte MX, respectively. This is found. Again, since the molar conductances 
of salts such as CuSO, approach a value nImo.st. double that for MX, the 
ionization probably proceeds in one stage: CuSO^ Cu'‘ + SO/'. These 
results hold also in non-aqueous solvents.^ 

Hydration from Transport Experiments: If an indifferent substance is 
added to a solution of an electrolyte, the cluinges nf conrentratiou of indifferent 
substance around the electrodes will depend only «»n the transport numlK‘r« 
and the hydrations of anion and kation.=' If .1 and K are the numl>er8 of 
molecules of water bound to anion and kation, tlien: 

n.4 - (I - n)K ~ X, 


where n is the transport numl)er of the anion and x the number of inols. of 
water transported to the anode or katlmde per F. If a, v are the inobilitiew 
of the kation and anion: 

A — {ulv)K = x/n. 

Values of x/n have been found by Buclibdck,* Wjisliburn,^ and others: 

HCI K<.'l NaCI Un 

x/n. 1.42 0) 1.52 - 1.27 - 1.24 - 2.05 


Reiny ® found practically the same values wlien the intermediate li(juid waa 
gelatinized and the changes of volume at the electrodes rca<l off on capillary 
tubes. The results were corrected for eIectro-endo> iimsis, and the mobilities 
in the jelly were found practically the same as in .solutions. On the assump¬ 
tion that the number of molecules of water altaehed to tiie H ion ia 1, the 

relative hydrations of otlier ions were fenind to be: “ K ,o;Na ,S;l,i ,11;CI,'I. 

Riescnfeld and Reinhold' as.vume that the values found in very dilute 
solutions arc the “true” tran.''port numbers, whilst those found in more con¬ 
centrated solutions requin* correction for the transport of water by the ions. 
Consider ti solution of 1 eipiiv. of electrolyte in a mol. of water and let 1 I puss. 
At the anode, a mohs. H,() will now contain 1 a equiv. electrolyte, where « 
18 the “observed” tran.sport number. In a f r mols. of ICO there will be 
1 + „ -p (j/a) equiv. of electrolyte. If f>„ (he true transport number and A 
and K the numbers of mols. lid) attached to anion and kation, respectively, 
then, as before: 

»o.l — (1 — ‘'o)N — X. 


' Kraus, Electrically CoiiduclitJi? t‘ 

* Nemst. GdUing. Nachr., 1 (1900). 

*Z. CAcm.. 55. 5»):J(l90r,). . . . 

<Z. Chan., M, .IIS (1!*0!I); W!L.hliurn ami Milliir.l. ./. Am. Chem. hoe., 37, f.l)4 

(1915). Baborovky, Rcc. trm. Chm.. 42. 229 (I92:ij. l(ic».-i.foUI. VJow, 

•Z. pht/aik. Cham.. 89. 4B7. 529 (191.''.l. 

• Nemst, I.4chrhuch, H-10 Autl., 412 

pAystfc. CAcm.. 56.G72*(iyiW) . . 

•G N Lewis J. Am. Chan. 32. M 12 (I9III). .Ii.»s lhat the resiills of the ln..nilK 
boundaiy method, correclcd for rho.iiie. of volu.oo. eivc the llittorf transport numbers. 


not the “true" transport numbers. 
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If X is positive at the anode, then in a + x mols. of water after electrolysis there 
will be 1 + Mo equiv. of electrolyte. Thus: 

l+no=l+n + (i/a), or n = no + (x/a), 
or, if c = 1/a = concentration, 

— dn/dc = X, 

KivinK X from the curve n = /(c). From these curves the following conclusioiw 
may be drawn; 

(i) If the anion is more mobile than the kation at high dilutions, the latter 
is usually more hydrated than the former. 

(ii) In such a case the transport number increases at first with increasing 
concentratitm; in the opposite case it decrea.ses. 

The degree of hydration of the ion may be calculated by combining the 
above equation with Stfikes’s law for the motion of a sphere in a viscous 
medium.* The a.ssumption is made that the hydrated ion is surroumlcd by 
a sphericid shell of water molecules, the volume of which can be calculated 
from Stf>kes*H law. If the volume of the ion can he neglected in comparison 
with that of the water (strong hydration), the volume of the latter, and thence 
the hydration, can be found. If (•; are the mobilities of two ions and r,, 
r, their radii (including water envelopes), then Stokes's law gives: 

fi/f-i = rj/r,. 

Hut if .li, .l-i are the numbers of molecides of water attached to the ions: 

d./.l. = r,'Vr:’; hence .1 i/.l, = f-’/fd. 

In this way the following values are found, at infinite dilution: 11’, 0; OH', 10; 
K-, or. Hr', 1', JSO,", 20; NOa', 2:,-, Ag', 010a', 35; 5Cd, -JCu, 55; Na', 70; 
l.i, 1,50. 

With increasing concentration of electrolyte the hydration dccrea-ses. A 
second method,’ depending on the use of concentration cells, has given no 
satisfactory results. 

The abnormally high mobilities of II' and Oil' ions is perhaps due, at Iea.st 
in part, to their low hydration. The suggestion has been made ’ that the 
hydrogen inn in aqueous solutions is really the o.vonium ion, IlaO', having the 
same relation to oxygen as Nil,' to ammonia. Others* attribute the air- 
normal mobilities of H * and OH' to Grotthus cotiduotion. 

'('I. l.utiBO, A'leiro dm., 16. ii, 17.1 (PUS); Isimii. Z. KMImhem., 26, 424 (1920): 
mocliM ntekes’s law. Born, Z. PhuKik, 1, 221 (1920); S, W. J. Smith, Pm. Pkm. Sx. 
lAmdan. 28, 10 (1910); Bmislielil, Z. phusik. Chtm., 53, 257 (1905); Pm.. Rop. Sue., 74, 
503 (1905). 

* Ueinhnid. Z. Klrklmkon.. 14, 7tl5 (190S): rf. Kiiswnfold and Iteinhold, Z. phyaik. 
Chan., 68, 4.59 (1910). Cf. la'itnrd, Weirk anil Mayer, Ana. Phyaik. 61, 065 (1920). 

* Lapworth, J. Chan. 5'yr., 93. 2187 (1908). 

* Danneel. Z. Kh'ktmheni.. 11, 249 (1905); llantxsch and Caldwell, Z. phynk. Chan., 
58, 575 (118)7): (ihosh, J. Chan. ,8ae., 113, 790 (1918); eritieised by Kraus, Electrically 
Coudtieting Systems, p. 209. 



CONDUCTAXCE, lOXIZATWN AXO lOXIC EQnUHfilA SflS 


Solvation of Ions: The theory that ions (ami unionized inolecules) in aolu- 
tion are combined with solvent is known as the Solvate Theory: hydration is a 
special case of solvation. A large amount of w(»rk has been done from this 
point of view, but the results are not very convineing.* 

Effect of Temperature on Ionic Mobility: Kohlrau.''ch assumed that the 
formulffi giving the effect of temi>erature on eiiui\a!ent eoiiduetaiiee can be 
extended to the mobilities of the separate i«)n’'.* I‘\»r univaU'nt ions tl>o>(* with 

small mobilities have large temperature coeflieiiod". Aeeording to Kohl- 
rausch ® the following relation^ between the temperature eoeflieieni a and the 
mobility I hold good in aqueous solutions; 

a = 0.0130 + 0.07/(IS.") + /) ^ 0 0131 + 0.010 / - 0.1)4 7* 

= 0.0005 A- 0.0083(1 7)'’ 

= 0.034S/(/;i/ - 0.207). 

One con.sequencc of the small temperatiin* coefheients of very mobile ions is 
that, with ri.se of temperature, the mobdilir> of all ions ^llould tend to beeoine 
equal, and the transport numlMTs then tend to (‘(pial 0.5. The parallellism 
Ixjtwcen temperature coefficients of comluctanoe and \bcosi(y has been referred 
to previously. If we calculate from the e(|uatioii: 

K, = KisCl + «(/ - IK) + (« - 0.0177).0.0177(/ - IS)*] 

the temperature at which Kt - 0, we find — 30° ('. The einjiirieal binmda f«)r 
the fluidity of water as a function of temperature given by lleydweiller woiihl 
give infinite viscosity at — 31°, an interesting c*>incidenee which suggests 
that the mobility i.s perhaps that of the hy<lraled ion, so that Ihere is then 
friction between water and water, Noyes and Kalk ’ have di‘<ciis.sed fully the 
effect of temperature on transport nninljer. and conclinle that if the traiisjmrt 
number i.s larger than 0.5 it invariably iliminislie', with risi* of t^nnperature, 
and if it is less than 0.5 it invariably increases, 'riiis agrees with the .above 
result. 

‘ II. (*. Jones lUid n»Hat)omtorN iMKjninim Jii I’^nU. nini,iMari*e4 to ItMlH ],y Jones. Am- 
('hem J., 41, 19 (19(H)): Jones. H>(lrme- in A<|n.oii« S..luti..ns, Carnryu- Itvl. I’uh , No. (Ml 
(1»()7): Ordenmn. PnW.. 260, 119 (iUl.S): criti.nztMl l.v S,.rkolT. J. Huhm. Phux Chnn. .W.. 
42. 1 (1910); HOC idso Jones, etc.. .Im Chm ./.. 49, (19J:p. J. Fninkliu /««(.. 173, 217 

(1912); 176.479,077(191:1). The Nature of .. 11. C. .Ioim-k. I^omlon 1917; Hiinr, 

Von den Hydrulen in wxwiner l.osunit, .''tultKnrt. 190:j, critical Miinrniiry )*.v Dhar, /. 
Elektrochem.. 20. 57 (1914); the traii»i>ori method ih cnticiwsl by IsKarischcv nn<l Herkinann. 
Z. Elektrochem., 28. 40 (1922). Aschkenasi. thui . 28. 100 (1922): Mjernini, Z. aw/ry. Chrm., 
100, 275 (1920); Schnwr. thvl, 121. :J21 (1922). Ncwls'ry. J. ('hem .Sor.. Ill, 470 (1917). 
conHudcfl from overvoltage nieasuo'tiicnis that only H , oH', tc . Ni and ( o (iwrljapa 
Pt, etc.) iona are h,vdrttt<*d. atnl criticize* niefhoils of «lcterminiition of hydration. At the 
preaent time it w hardly certain that ions are hydrated, and the extent of hydration cannot 
yet be expreaaed nuJiiericaUy with anv accuracy. 

* Leitvennogen, p. 12H; values m‘c tin* Ixwik. j). 540. 

'Ann. PhyttJe. 50. 3H5 (1S9;1): S,fz Ifrr. /Vum. AW., p. 5H1 (1902); Proc. Roy. Hoe., 
71. 338 (1903): Z. BUktrochrm., 14. 129 (1908); U-ilvcrmofwn, p. 128; HiU.Jnr. prentt. 
Akad.. p. 1033 (1031). 

*J. Am. Ckem. Soe., 33. 1436 (1911). 
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AUgration Ratios from Electromotive Force Measurements: It is shown in 
Chapter XII that the E.M.F. of a cell of the type: 

Ag/AgNOi cone. Ci/AgNOj dil. cj/Ag 

is given by: 

E= (2RTnlF).ln(c,lCi), 

where n is the transport number of the anion. Also, the E.M.F. of a cell of 
the type: 

Ag/AgCI/KCl cone. Ci/KCl dil. cj/AgCI/Ag, 

is given by: 

E = [2(1 - n).RT/Flln(c,lc,), 

where 1 - n is the transport number of the kation. 

It is evident that transport numbers may be calculated from E.M.F. 
measurements.' 

Diflusion of Electrolytes: The diffusion constant D of an electrolyte is con¬ 
nected with the mobilities of its ions by the equation: ‘ 

D, = 0.044856 [1 + 0.0034(( - 18)], 

+ u 

where h, la are the mobilities at and D is expressed in the usual units 
(om./day). 

The following table * shows the agreement between observed and caleulated 
values of D at 18°. 

The relation = const., where Jlf = molecular weight, has been 

found by Thovert.* 

■Helmholt!, ,lnn. Pkyaik, 3, 201 (187S); am. AbhamU.. i, 840; Moser. Ann. Phynk. 3. 
210(1878); Kllmrael,i/iid., 64.055 ( 1808 ); McIntosh, y. PA|/a. 2, 27.3 (1898); Mugdsn, 
Z. EUktronhem.. 6, 309 (1899); Kendrick, ibid., 7, 52 (1900); Cans, Ann. Phyrik, 6, 315 
(1901); Fersusaon, /. Phys. Chnn.. 20, 320 (1910); Macinnos and Beattie, J. Am. Chm. 
Soc., 42, 1117 (1920); Beattie, ibid.. 1128; Ferguson and France, J. Am. Chem. Soc.. 43, 
2150 (1921); Grube and Metager. Z. ElektrfKhem., 29, 17 (1923), 

’Nornat, Z. phyM. Chm.. 2, 013 (1888); 4, 129 (1889); Lehrbuch, 8-10 Aufl., 429; 
Arrheniua, ibid., 10, 51 (1892); Abegg and Bose, ibid., 30, 545 (1899); Euler, Ann. Phytik, 
63, 273 (1897); Behn, i5id., 62, 54 (1897); Planck, ibid., 40, 501 (1890); Larmor, ,*ther 
and Matter, Cambridge, p, 291 (1900); Phil. Trans., 185, 815 (1894); Donnan, Phil. May., 
45, 529 (1898); deduetion, see Whetham, Theory of Solution, 1902, chap. 13, 

' Winkelmann, Phyeilt, IV, p. 437. 

‘ Meaeurements by ScheSer. Ber., 15, 788 (1882); 16, 1903 (1883); Z. phytik. Chm., 2, 
u Vanaetti, AUi R. Accad. Lincai, 18. 

li. 229 (1909); Scarpa, Norm Cim., 20. 212 (1910); Ohdra, Af«fd. K. Veleiu*. Nabtl Inti., 
2, No. 22 (1912); ibid., Fintke Kmislam/undtls Medd., 30, 09 (1921); Griffiths, Proc. Phyt. 
Soc. London, 29. 159 (1917). 

* Compt. rend., 150. 270 (1910); attempts to determine ionic hydration from diZusion 
measurements have been made by McPhail Smith. J. Am. Chm. Soc., 37, 722 (1915). 
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TABLK V 


DurrusioN Cosfficibnts of Elbctrolytks tcm./day) at C 



D obe. 

D calc. 


D oIm. 

D oalo. 

HCl. 

2.30 

2.43 

KNO, 

1.30 

1.39 


HNO.. 

2.22 

2.26 

NaCl 


1.18 



koh . 

1.85 

2.07 

NaNO, 


1.13 



VaOH. 

1.40 

1.55 

H.COONa 

JV Ap 





I 1 JH 4 CI . 

1.33 

1.44 

CHjCOONu . 

0.7S 





Ionic Equujuiuum in Solutions of Ki.kctrolytes 

Consider the ionization of a binary electrolyte: 

- + B'. 

1-0 o o 

If the volume of solution is V, and if a is the deurrc of ionization, the con¬ 
centrations are: = Co = (t - a)/I'; [.I'] = [B'J = c, = alV. The 

law of mass action then gives: Ci’/co = const. = K, i.c., 

«V(l-a)E=A'. (1) 

Since a = A/A„ we find also: 

A*/A„(A, - A)T = aVA.(A. - A) = K. 

This equation is known as Ostwald's Dilution Law.* Its ileduction depends on 
the assumptions that the solution is dilute, and that the law of mass action 
can be applied to charged ions.* 

Experimental investigation of the conductivities of dilute solutions of 
weak organic acids * and weak organic bases * showe<l that the law was very 
satisfactorily followed. The result.s for acetic acid are given in Table VI, the 
data being from Rivett and Sidgwick,* and Kendall.* 

‘Z. phvtik. Chem., 2. 38 (ISSS): i-f W. OlLlw. Sfimlific I’alwrs. vol. I: Partiiuiloil. 
J. Chem. SoC; 9T, 1158 (1910); I'nine. Farad. .SW.. 15. 98 (1919); Kfudall. J. Am. Chem. 
Soc., 36. 1076 (1914); Larmor. dJtlier and Maltor, Canilvidsa. p. 280 (1900). 

■The disturbing eilecU of inrreasing coiiwaitranon and imTeaaing ioniiation may act. 
in opposito directions. Wegsdicidcr. Z. phpeih. Chem.. 69. 003 (1909). rnwum™ that the 
law holds up to concentrations of 0.03 a.; Wegsdicidcr and I-us, MonaUh.. M. 411 (IIKIO), 
find agreement with salts of o-naphlhalcnoBul|ihonic and p-toluenesulphonic acids up Pi 
0.006 B. Drucker. Tarle and Gomel. Z. Kleklrarhcm., 19. 8 (1913), find that KHr olieys 
Ostwald'a dilution law up to O.Ol n. Drucker. dial., 18. 562 (1912). finds that N(CHi)iGI 
and N(CHi)iBr obey the law up to 0.02 n. Holmlierg. .Sretisi. Kern. Tidekr.. p. 6 (1018). 
thinks Nal obeys the law up to 0.05 n . but ho did not use conductivity methoils. Washlairn 
and Macinnes, J. Am. Chem. Sac.. 33. 1680 (1911). consider that the law holds only at much 
higher dilutions, in the case of strong dcctrolytos. In the case of weak electrolytes it prob¬ 
ably holds up to about Oil n. Cl. Jones and Whip). Am. Chem. J., 42, 520 (1909); Jones 
and Wightman, tWd., 46, 56 (1911). 

*Ostwald, Ze pky»A. Chem., 3, 170, 241 (1869). 

* Bredig. Z. pkytik. Chem., 13, 280 (1894); Ooldachniidt and Salcher, ibid , 29, 89 (1899). 

Chem, 8oe., 97, 734 (1910). 

*J. Am. Chem. Soe., 36, 1069 (1914). 
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TABLE VI 

loNlZATlOK OF ACBTIC AciD IN AqUBODS SOLUTION AT 25® 

V = Vol. in litCM of solution containing 1 mol. CHJCO 2 H. 

A » Equivalent conductivity, in Kohlmusch units = H|K*cifio conductivity/conccntra- 
tion in mol. i>er cc. 
d * Density of solution (water = 1). 
rf = Viscosity of solution (water = 1). 
a = lojiizutifui = A/AoeJ o' ~ 


* y ; 

A 

a 

K X 10" 

d 

V 

a' 

K' X 10* 

K" X llt< 

o.;i;i4 

o.eiHO 

().(H)1.595 

7.7 

1.02:1.5 

l.:i47 

0.002119 

i;i.9 

16.5 

0.072 

1.12:1 

0.(M)2S90 

12..5 

1.0122 

1.109 

o.oo:i:is5 

17.2 

18.6 

0.900 

i.4i;i 

0.00:10:10 

14.0 

1.0084 

1.112 

0.()(M04:i 

17.4 

18.4 

1.977 

2.211 

0.00.5701 

10.5 

1.0043 

1.0.50 

0.(K)0020 

18.3 

18.8 

5.374 

3.H04 

O.(M)9S00 

IH.l 

l.(MU7 

1.021 

0.01001 

18.8 

19.0 

10.7.5.1 

5.;mi 

0.0i:iH2 

18.0 

l.(HM)9 

1.010 

o.oi:i9o 

18.4 

18.5 

24.875 

H.388 

0.0210:1 

i 19.2 

l.(MM)4 

I.IKH 

0.02172 

19.5 

19.5 

r*:i.2« 

i:i.o.i 

o.o:i35» 

18.5 

1.0002 

1.002 

0.0:1:100 

18.0 

18.0 

00 

:iH7.9 

I.OOOIK) 


1.0000 

1.000 

l.OUOOO 

— 

— 


The value of K is calculated from etjiiation (1) above; the value a' is cor¬ 
rected for viscosity: a' - Kendall {loc. rit.) n.ssumcs that the 

iotiization involves interaction with water molecules, and writes the mass law 
iti the form: 

— /v" = K'. U)()0t/o/(l000f/ — nt/e), 

where rfo, d arc the densities of pure water and solution, and m = molar weight 
of solute. The vidues tif K (from a), K' (from a'), and /v" are given in the 
table, and the constancy of the latter extends even to d a. concentration. Tlie 
“uucorrected” law (K) holds below 0.2 a. with all the accuracy found in the 
aiiplications of the law of mass action to any systems, and the dilution law in 
the case of weak electrolytes is tlK^ form of the law of mass action wliich is 
most closely followed by experiment.' 

In the case of strong (i.e., liighly ionized, as <listinct from concentrated) 
electrolytes, however, the law fails completely. This is seen from the results 
in Table \TI, from the figures of Kohlrausch and Maltby.* The value of A', 
the ma.s8 action “constant,” varies from 0.01.")4 at a dilution of 10,000 liters 
to 2.350 at a dilution of I liter, an incnuise of 1.5,000 per cent. The variation 
of K makes one hesitate to endorse the opinion of Nernst * that “the practical 
applications of the law of mass action are hardly disturbed by these relatively 
trifling deviations.” 

' Partlngtou, Trnns. Fnrnd. S<h'., 15, OS (1910); of. Kl)ert, Juhrh. Hadioakt. Elektronik, 
18. 134 (1921). 

* H'tM. Abk. phyH. tech. Ht ichmruilitU, 3, 1.57 (1900). 

* Lohrbuch, K-IO Aufl., p. 5H1. 
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TABLE VII 

Ionization of Potahhium ('ui.ouuh: vt Is® C. 


rut. 


10.000 

5,000 

2.000 

l.OOO 

500 

200 

100 

50 

20 

10 


A 


129.91 

129.07 

128.77 

128.11 

127.:i4 

I2(i.:ii 

121.41 
122.4:1 

119.90 
11.'>.7:> 
ii2.o;i 

107.90 

102.41 
9S.27 


— « 

1.0000 
0 99;i0 
0.9912 
0 9S02 
0.9S02 
0 972.1 
0 9.)77 
0 9LM 
0 92:11 
0 S910 
(t,S(v2l 

os;iio 

0 7SS.1 
0 7.'>(m 


I - a 

0 OIMN) 
0 0001 
0 (M)SS 

OIILIS 
0 019S 
0 0277 
0.012:1 
0 o,'>7*» 
<1 (I70<) 
0 |0!M) 
(I M70 
0 1090 
II 21(»7 
0 2i:l.'> 


0 0151 
0.022:1 
0 o:i,52 

0.01 S5 
O.lHiSl 
O.IOM 
0,1512 
0,2221 
0 .1012 
0 .510.5 
0 sl.51 
1 l.ll 
2.:i.50 


such 

lis iHitiiMium chloridi', thon- arc llic im((I la ' ■ ■ , ..,„f ((, 

arc ic acid, the val.,c.f,..-which arc Kucam lahl. > 

a.„l i..crcasc >h-adily w.i oc,,cc, ra a r ^ ^ ^ , 

salisfactarily c.vcrcd hv a ..a.ddicali.a. .,f Odw dd 
tlic writer ‘ and by Kcialall,' r )/■, ^ 

rt'-'/(l - .0(1' h 

......... 

I< i /dl - 

, , 1 II ^,v-/hc.w-tM ' dcdiici-d a.. fri.i.i 

which ia the form ..red by Kcial.ill ■ ' .-idial fm-l..r. Walhi-r' 

which the above is .Icriv.al bv ... ■"> <M 

put forward the c(|..;ition: , 

„!'(1 - oil /-■(> - " 

......... 

In Table VUI are Riven tl'e value.'. 

= loojn.oi^.'. d d'd-( „ ■)!’ 

^,= l(.o|(l01S,-, f 0.»17 ('■" )] 

^ S,MI 1ml. 2. :>h J- 

ij. 4m. (’hau. Sor.. 101. 12f.) '1 B-), • 

Phy^.Chtm., 19. 19.3 (191.5). 41 (19i:i) (c<luafioti 13 in 

»3/«w. A'. r.w-. Sohi y Nr- - 

ihispaijcr). 

‘ Bnl. Am. RtP- !»• 
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for comparison with the values of 


too 


(1 -a)V 


and 8’ = 100 


(1 


where a, V are the uncorrected values, and a', V are the values corrected as 
explained in connection with Table VI; 


a' = Ai;/A,i/„; 


r = lOOOV 


/(loood-f)- 


TABLE VIII 


ItjNiZATiow OF Djohloracbtic Acid at 25® C. (Kendall) 


Kiit. 

A 

a 

V 

d 

o' 

0i 

«^i 

e. 

<t>i 

2 

114.0 

0.2080 

1.1318 

1.0263 

0,3337 

6.33 

7.68 

8.93 

8.29 

4 

151.7 

0.3035 

1.0640 

1.0139 

0.4186 

6.38 

6.70 

7.40 

7.25 

H 

100.2 

0.4933 

1.0287 

1.0067 

0.5075 


6.08 

0.61 

6.53 

Ifl 

231.6 

0.6007 

1.0143 

1.00.33 


5.65 

5.64 

5.97 

5.96 

32 

273.1 

0.7083 

1.0071 


0.7117 

5.37 

5.34 

5.48 

5.55 

fW 

:ioo.7 




0.8058 

5.11 

5.14 

5.24 

5.26 

I2S 

33H.7 

0.8785 



mi 


5.02 

5.05 

5.09 

256 

350.2 




0.9324 


4.94 

5.03 

4.99 

00 

385.6 






4.86 

— 

4,86 


The equation of Partington may be transformed without neglect of any 
terms into: 

aV(i -<x)V= K-hk(alV), (2b) 

wliich goes over into the Ostwald form as a limiting case when a = 0, or is 
very small (weak electrolyte), or k is very small. An obvious generalization 
of this equation is: 

aV(l - a)r = A' 4- kia/V)’^ (n = const.), (4) 

wliich was proposed by McDougall ‘ and by Kraus and Bray.* The equation: 
(c«)V(l — ct)c — A + fc(cof)" 

has been used by Falk and Noyes * to represent the ionization of salts; it is 
identical with the above. Kraus and Bray's equation applies also to non- 
aqueous solvents. 

Another equation is proposed by Szyszkowski/ who concludes from his 
researches on partition coefficients ^ that the disturbing effect Is due to un- 

‘ J. Am. Chem. Soc.. 34. S55 (1012). 

> Ibid., 35. 1315 (1913). 

* J. Am. Ckem, Soc., 34, 454 (1912); cf. Harkins, ibid., 33. 1836 (1011). 

*Mfdd. K. IVlrtwA*. \ofHl /»«/,. 3. Nr. 2 (1914); 3. Nr. 11 (1016); Compt. rend., 157, 
767 (1013). 

» /bid.. 3. Nra. 3. 4 and 5 (1014). 
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dissociated molecules rather than ions. The fact that electrolytes, 

which are bghly ionized, show the Ereato.vf .leviati<.n.s, rather suRgesta the 
opposite view, although the action of the iiioh'cules appears to l>c favored by 
recent investigators, whose arguments, it true, are mostly applied at such 
liigh concentrations that the laws of solution lireak down ni fete. Szyszkowski 
lielieves that ionization is not a spontaneou^ p^oee^s, but is lirought about by 
the absorption by the molecule of a critical increment of infra-red radiant 
energy. The same view’ is taken by Kruger,‘ who deduces fnun it the relation 
of Walden, that the ionizations in two different solvents are in the ratio of the 
culies of the dielectric constants of the solvents.- Thi> is in agreement with 
the view of Washburn and Sfrachan,^ who speak of a “thermodynamic environ¬ 
ment,” modifying the thermodynamic properties <'f the solvent when ions are 
present. The partial pressure of any specio.'- in solution is then no longer 
given by Henry’s law: pa= kxa, where .r is the molar fraction, but bv ju 
= Kct)xu, where /(c,) is some function of the ionic concentration. When 
these authors assuwe that/(c,) is of the form A’(l -f rr.^i.and thence “deduce” 
Kraus and Bray’s equation, they appear to ])roceed in too arbitrary a fnsl>i«>n. 
Kraus and Bray’s equation has no tlieoretical foiiiulation.^ Szyszkowskis 
final equation is 

aV(l - a)V = K + i[(l - a)/r7 = A' + <-|[(l - O) 

which emphnsizes that the non-ionized innlcculcs arc the cause of the deviations, 
and the dissociation function is assuinod to be inversely related to the moan 
free path of these. Tlie formula i.s a|)iilied to a.iueou.s and iioii-aqueous solu¬ 
tions up to 0.5 n. Tile true di.ssoeialion constant A lia.s approximately the 
value 0.01.‘ Table IX shows that the results for KCI can be very satisfactorily 
represented by the eejuation from about tl. 1 n., without any alteration of con¬ 
ductivity values. It also applie.s to stmuj; acids, and Kendall cousiders that 
the same holds good for his simpler ciiuatiou. 

The point of view adopted by Szyszkowski raisc.s tlie important question of 
tlie supposed stimulating effect of ions or molecules on ionization. Arrhenius 
suggested that the law of mass action may not apply to strong electrolytes: 
the “constant” A may be u function of the total ion concentration. This 
"salt action” is a maximum for a salt, and is greater for aciils the greater the 
strength. Thus, cd/co = /(o). This hypothesis of neutral salt action has 
been extended, on the basis of experiment, by .Szyszkowski (foe. cit.), but has 
been very adversely criticized by McHaiu ami Coleman,’ who reject it. The 


' Z. Ekktrochem., 17, 463 (1911). 

•Z. ptigjtt, Chem., 54. 129 (1900), Ka.llcoMi, Luly, 15, 109 (1921). 

‘J. Am. Chan. Soc., 35, 8S1 (1913). 

• Ct. BatM. J. .4m. Chem. .SV., 37, 1421 (19I.-.), , , , 

‘Kraus, ElcctricaUy Condurlmg S.v-trn.s, p. 09, sUlcs that Ssysskowski. equation 
doea not apply generally to non-aqueous snlvrats. .. 

’Z.pkyM. Chem.. 31, mam). 31, 197 (IWW; 36,28 (1901); 37.490(1901): Noyes 

and Abbot, Aid., 16. 125 (189.6); van l.asr. .(..d , 60, 4.1.1 (1909). 

’ J Chem Hoe 105 1517 (1914). »ith bibliography; Francia, Genke and Roche, ibid., 
107. IWt (1916); Hsmwl. J. .Im. rh.,o. S,jc.. 37, 2400 (1015), finds a real effect; McHain 
and Kam. J. Chem. Soc.. 115, 1332 (1919). 
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TABLE IX 

Ionization or KCl at 18® C. Recalculated by Szyszkowski’b Equation; 
A/A« FROM K 0 HLRAU 8 CH AND MaLTBY 



a* 

A. = 

129.91. 

f/l-aV/* 



(1 -a)V 


’U V ) . 

V lit. 

A 

a = A/Aso 

lOOaVd ~a)V 

100^ 

Difference 
per cent 

1.0 

98.27 

0.7565 

2.36.0 

178.1 

- 50.9 

2 

102.41 

0.7883 

143.4 

127.2 

- 16.2 

5 

107.»ll 

0.8310 

81.5 

78.4 

- 3.1 

10 

112.0.3 

0.8624 

54.1 

54.2 

-b 0.1 

20 

11.5.75 

0.8910 

36.4 

37.2 

+ O.H 

.50 

1 19.IW 

0.9234 

22.2 

22.3 

+ 0.1 

HM) 

122.4.3 

0.9424 

15.4 

1.5.8 

+ 0.4 

200 

124,41 

0.9.577 

10.8 

10.5 

- 0.3 

500 

126.31 

0.9723 

6.81 

6.51 

- 0.30 

1.000 

127.:i4 

0.9802 

4.H5 

4.09 

- 0.16 

2.(K)0 

128.11 

0.9862 

3.52 

3.48 

- 0.04 

5.0(K) 

128.77 

0.9912 

2.23 

2.52 

-b 0.29 

lO.(HH) 

129.07 

0.99.36 

1..54 

2.10 

-b 0..56 


(‘vidonce for or iiRainHt an action of ions in incr(‘asiiig the electrolytic dissocia¬ 
tion of a salt is very c<mflicting, anti nothinj; certain can be asserted in this 
connexion.* 

Kmpirical dilution laws were proposed by Iludolphi:* 
aV(l — = A', or Ci/Co = K 

and van’t Hoff: ■* 

= A, or Ci"/co’ = K. 

Kohlrausch * pointed out that van’t Iloff's otjuation amounted to the .state¬ 
ment: fi/fo = constant X mean distance hcticcen unionized molecules. Vauliel ® 
attempted to deduce van’t Hoff's equation on the as.sumption of ionic hydra- 

* Rmiia and Taij*i. Z. ph/fstk, Ch<m., 79, 55 (1012); Waldon, Bull. Aca/l. Pitersh., 1055 
(11)12); Sarhiuiov, Z. phpstk. Chem., 87, 441 (1014): SuoJmnov and Gontscharov, J. Ruh 9, 
Phya. ('hfiu. .Sof., 47, 1244 (15)15); Poma ntnl Pnlroru, Z. phyaik. Chem., 87, 190 (1914); 
Pulinurr and Melnmler, Z. EkktnKhrm., 21, 418 (15)15); Kolthoff, Chem. WcekbUid. 13, 
1150 (1910); Sttchanov, /Jiw.h. Phy«. Chem. 6V., 48, 261 (1916); Linde, Z. Klektrochem., 
29, 10:1 (1923); Doumer, Bull. Soc. Vhtm., 33, 49 (1923); the balance of evidence speaks for 
an influence of ions. 

^ Z. phyatk. Chem., 17, 385 (1895). 

* Z. phyaik. Chem., 18, 300 (1895); Hiighos, Phil. May., 42,134 (1921), deduces Rudolphi’a 
and van’t Hoff's equations; Jablcsynski and Wisniewski, Roezniki Chemji, 1, 116 (1921), 
deduce c*^’/co “ K. 

* Z. phyatk. Chem., 18, 662 (1895). 

*7. ondcu’, CAcm., 15, 305 (1902'. 
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tioD and polymeritation of water to (H}0)«. RoiisReld ‘ aa^ume^ aaaociation 
of water, salt, and ions. 

Storch * and Bancroft,’ observing that Ostwald’s and van't Hoff's equations 
are two limiting cases, proposed to cover all cases by the formula: - K, 

where n is a second constant. This applies very well to aqueous 8olutiim.s even 
at high concentrations. 

The important question as to whether the dilution law shouhl contain a 
“true dissociation constant,” i.e., whether it should go over into the Ostwald 
formula at infinite dilution, is now rai.sed. Tlie fonnulic of van't Hoff and 
Storch do not fulfil this condition. Storch's equation may l)e written us: 

aV(l - a)r= 

it contains no true ifuiization constant; thi.v is present in Kraus and Bray's 
equation, which is merely tl>e alxive with tljc addition of A*. In an imiKirtant 
paper by Arrhenius,* in which a cf>rrection for the conductivity of the water 
was applied to Kohlrausch and Maltby's residts, tlie conclusion wjis reached 
that at very high dilutions the elcc(r<»lyte obeys Ostwald’s dilution law, witli a 
value of K, the true dissociation constant, of alxuit 0.(12-l. This occurs with 
KCl and NaNOj at dilutions of about 2.M)Mo -t-MlMiters, The (mlculation 
of Arrhenius ))as been adversely criticized by Washburn,* but the results of 
Washburn and Weiland,* with ultraqnirc water, ni)|)ear to conf(»rn) to Ar¬ 
rhenius’s result. The experimental values, from smofdhed curves, are jw 
follows. 

The smalle-st concentration used was 7. HMo X 10’* mol./lit., and the next 
concentration used was 2.‘JS21 X 10 * mol./lit., .m> that the results at lower 
concentrations are mere extrapolations. 

The results have been criticized by Kraus,’ who remarks that: “In (jrder to 
establish the law of mas.s action as .a ciuisequcnce of experimental ob.Hervations 
it must be shown that, over a mea>urable concentration interval, points on 
the curve [showing K a.s a function of rj necessarily lie on a horizontal straight 
line. As this ha.s not been done, if i.-' evident that Wa.shburn’s conclusion 
remains in doubt.” It appears ti) the writer that this criticism is a little unfair. 
The region of concentration in which the law of mass action may l>c (!xi)ected 
to apply at all is necessarily a very narrow one, in which experiment is extra- 

IZ. CAcm., 53. Pror. Hoy. Soc, 74. 503 (li>0.5>; Phil. Tratu.. 20«, 

101 (1906): Tram. Farad. Soc., 15, 47 (PMU;. 

*Z. pkytik. Chem., 19. 13 (ia%). 

*Z. jAvfik. Vhem., 31. 188 (1899), of Kohlrimsoh, ihid., 18. 662 (lK9r»): Hr;ibl. Ann. 
Pkysik, 25,64 (1901); Hughes. Phil. Mag., 42, 42H (1921). also deduced Partiugma's 044iia(ion 
on the assumption of activity of ions; GeorK«viv«, Z. pkynik. C hem., 90, 340 (1915). 

*“Die Berechnung dos elektrwrhcn LeJlungs-vormOgenii in nehr verdunnlen wftmrigon 
LSeungen.” Medd. K. VeUruk. ^ohel Iml.. 2, Nr. 42 (1913); Faraday Lecture, J. Chem 
Soc., 105 , 1414(1914). 

»J. Am. Chem. Soe.. 40. 106 (1918). 

*J. Am. Chm. Soc.. 40 . 146 (1918). 

* Electrically Conducting Systems, p. 99. 

19 
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TABLE X 
Conductance of KCl 


Tcmi>crature 18®. Mol. Wt. KCl =* 74.560. Cell constant based on «c = 0.01288 ohm-' 
for specific conductance at 35® of a solution of 7.43000 gm. KCl in 1000 gm. solution, weights 
in air. Conductance to 0.02 per cent. 


cX lO® 

K X 10* 

A 

a *= A/Ao 

K = a’cKl - a) 

000 

0.0 

129.64 

1.0 


0.02 

2.5902s 



0.020m 

0.04 

5.1763, 


0.998oi 

0.020m 

•o.oo 

7.7554, 

129.2.5, 

0.997o6 


0.08 

10.330, 

129.13, 

0.99Gij 


0.10 


129.02, 

0.9952, 

0.0210s 

•0.30 

38.635, 

128.45| 


0.0321, 

0.40 


128.24, 

0.0892, 

0.0363, 

0.60 

76.721, 

127.80# 


0.0427, 

0.80 

102.04i 

127.55, 


0.0480, 

1.00 

127.26, 

127.26, 

0.981C, 

0.0524, 


ordinarily difficult. The fact that even two experimental values were obtained 
in this region, or at any rate very near it in the case of the number 0.0321, is a 
great advance on anything which had been attempted before, and Washburn 
and Weiland’s work still remains unique. The method of extrapolation used 
by Washburn has already been discussed (p. .WO). 

Bousfield ' finds that van’t Hoff’s equation gives good results with KCl at 
dilutions from 200 to 2000 liters, and considers it justifiable to “extrapolate 
with great accuracy past the point where water impurities introduce errors, 
into the limiting region of infinite dilution.” This leads to a limiting form of 
the equation when c is very small and a is nearly 1; 

A« — A = 

At very high dilutions the active mass of the umli.ssociated portion is then 
proportional to the square root of the mass of the water. It appears, however, 
that the Ostwald fornuda is probably the right one at very high dilutions. 

Many suggestions have been made to explain the deviations from the law 
of mass action shown by strong electrolytes.® 

1. Experimental Errors: The suggestion that experimental errors, which 
become very large when 1 - a is very small, cause more than a small part of 
the observed deviations® can hardly be entertained. Similar deviations are 
shown in alcoholic solutions,* in which the ionisation is perceptibly less than 
in water, and in which the error in 1 - a is much less. 

‘ J. Ctmn. Soc., lOi, 307 (1913). 

•Cf. Parliiialoli. J. Chrm. Soe.. 97, 1158 (1910); Trant. Pamd. Hoe., 15. 98 (1919); 
Sftchaltov. Z. Etfkiroehem., 20, 529 (191-1), 

• Ostwald, Orundrias der ullKemoin. Chem., 1899, dOtl; Rothmund and Dntrkcr, Z. 
physik. Chnn., 46, 827 (1W)3): iht'd., 49, 503 (1904); Druck.r, Die .Vnonialie der atOrken 
Hektrolyte, Ahreiu' Sammlutty, 12 (1905). 

*V5lll»er, Ann. Phyaik, 52, 328 (1894). 
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2. Calculation of the Ionization: The formula a « A/A» can apply only 
when the ionic mobiliticrt are independent of concentration.* In concentrated 
solutions this is certainly not the case, but the experimental values of the 
transport numbers pven in a former section seem to support the assumption 
that, in fairly dilute solution.^ at lea.'jt, the ratio of the mobilities may be re¬ 
garded as constant. There is great diversity of opinion, however, on tliis 
matter. 

3. Complex Formation: The pos.vibility of the formation of ionic hyilrates 
does not, in dilute solution, make any chniiRe in the form of the dilution law.* 
('omplex ion herniation would cause modification, but there is no evidence of 
the presence of such ions in solutions of salts such ns K(‘l.* In such cases as 
(IUSO 4 the formation of complex ions is by no means improbable. 

4. The Theory of Pnrtuil Di-^iSonation is lurorrccl: Sutherland * suggeeiteil 
that the ionisation of all or<linary electrolytes in solutions of nil concentra¬ 
tions in complete. The tlifferenci-s of molecular eonduetivity at different 
dilutions are assumed to Ikj due to tlie varying visc(>sity of the stflution, and to 
two new typc.s of visc(»sity of electrical origin. No (|uan(itntive theory was 
reached. 

J. C. (ihosh‘ revived this theory, but instead of relying on new, purely 
hypothetical, vi.«cosilie.s, he assumes that all the ions are not in the same 
condition. A certain fraction exi^t in a state of perfect freechun, moving about 
like gas molecules, whilst another i>art include*^ ions wlneh are fixeil at definite 
points, in the .same manniT as the mns of a crystal arranged in a space 
lattice. Aithougli the salt exi-ts in solution wholly as jons, sojjjiraled from 
one another by distances which increaM- with t)ie dilution, and bound l>y 
electrostatic forces, only a fraclnm of thoM- ions are free to move with traiis- 
latory motion, these free mns being tliovc whieli ha\e kinetic energies greater 

’ F. KolilraiiM’li. Ann I'hysik, 50, .iss 1 1 so.l;, 11 .i.iliii. / /rhuok. ('hr in , 27, 3,VI (iHUSj, 
33. ^5 (1900): 35. s. 37, 07.{ 'llMlh, 58. 0)1 N-.,\r'- iimi Kato. ('<irni(/n Inxl. 

Washington Putt., Xo 63, .120 (l!»07;. Dnnkir .'iikI phymk. ('turn, 62, oti 

(lOOK): Sarkiir, Z. pt> kirorhi in., 7. 7M llUOli, <>r>iKlwiii and MasknII, Z. phymk. ('him., 52, 
030 (190.5); «ii<l N'criit>t, ihnt., 2. U.'ai (isss), Hmii. ilmi , 27, 41 (1S9S_), 7VrA- 

nologiral Qwirlerly, 17, (llM)t), .\rrlii*ii)ii'. / jihy'.ik Clum., 37. .'{jr) (11KU), AIk'KU, 
Tlieoric dor olektrol.\fi»clic I>i'*.n('iatKai, Snmniluntj. p. 232 (19().l), S(H‘ Inlor iindor 

I..orcoz'8 theory. 

^Morgan and Kaiiolf, Z. phyyik. ( hnn . 48. ’Um (lUOt). \S'oj{wlicidor, ihul., 69, 00.3. 
009 (1009): Neriist, Thoon-fi»o)io Clionno, h |0 Anil. p. Oil, Mio, Ann. Physik, 33. 3H1 
(1910); Mlillcr fuid Hoinaim, ('nmpl. mul., 156, Iss9 (191.3), 157, 4(K) (r)ppoHiUi view); 
Dhar. Z. EUktrorhan , 20. .17 (1911). 

*Cf. Braloy and Hall, ./. Am ('him. Soi- . 42. 1770 (1920). Si-hnoidor and l)rah?y, ibid., 
45 . 1121 (1923), who conrludc ih.'jt romph-x ions arn foniwd in Na^JI + KC-'I; Hftmy.iJ. 
Chfin. Sor. Ahst.. 310 (lOl.!). Miin't*. KoUoul 14, lti8 (1914), I/ireii*. i/iuL, 322; Lungo, 
.\uoro Cim., 16. ii. 173 (191S). .Ms’KK and Lals-mliinski, Z. Ehktrochem., 10. 77 (1904); 
Bilts, Z. physik. Chan.. 40, IS.) (1902). Hnini, IVIlim and PoRomro. Z. Eleklrochftn,, 13, 
021 (1907). 

*Phit. Mag., 3. 101 (1902): 9. 7sl '1901). 12. 1 (HHM)); 14. 1 (1907); 16, 497 (190S); 
rf. Barniwater. Z. phygik. Chan . 28. Ill (IW**)). 

*J. Chem. Soc., 113, 449. 027. 707. 790 (191S). 
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than the limitinR values equal to the potential energies of eleotrostatio attrac¬ 
tion, The number of free ions is calculated by a formula based on Maxwell’s 
formula for the distribution of energy among gas molecules. 

For a binary electrolyte having its ions arranged in a cubical (rock-salt) 
lattice Ghosh finds the equation: 

, I NcIP^N, 

In -= • ,,_:— > 

II, 2RT 

where N, = Avogadro’s constant = 6.06 X 10“; E = electronic charge = 4.7 
X lO"'® E.H. units; R = gas constant = S..315 X 10’ e.g.s. units; T = absolute 
temperature; I) = dielectric coiestant of solvent; V = dilution in cc. 

This rciiuires that all electrolytes of this type should have the same ioniza¬ 
tion at the same dilution, which is not the case.' Again, for a ternary elec¬ 
trolyte with ions arranged in a fluorspar lattice, Ghosh finds the formula: 

1 _3A’„P.2^2]V„_ 
f». 3K?' j), ■\Iz. Vf 

III ttjiplying these formiilffi (Ihosh assumes that some electrolytes are binary 
in some solvents, but ternary in others. For example, NKt4l is assumed 
binary in acetaldehyde, but ternary in formnmide, whereas in the latter solvent, 
which has great ionizing pow'or, we should m)t expect association of the solute. 
The choice of the state of the electrolyte is purely arbitrary.® For some 
electrolytes in non-aqueous solvents the formula docs not apply at all satis¬ 
factorily.* 

Ghosh’s theory would reciuire equal ionizations of an electrolyte in two 
different solvents when: 

/), = fl, 

a relation found empirically by Walden.^ This is, however, only a very rough 
approximation.* 

Ghosh’s theory, although received in some quarters with warm approval,® 
has been severely criticized, and may now be regarded as untenable in its 
original form. The disagreement with experiment, pointed out above, has 
been again emphasized by Kraus * and others." The theoretical foundations 

‘ PHrtinKti>ii, Trims. Farml. Soc., 15, US (1910). This w iilso implied in Milner’s formula; 
SCO below. c 

* Partington, for. cit.; cf. Mehlruni ami Turner, J. Chem. Soc., 9i, S76 (1908); 97, 1605 
( 1010 ). 

* Partington, toe. cit. 

*Z. physik. Chrm., 54, 129 (lOOti); KudleovA, Chem. Liaty, 15, 109 (1921). 

* Partington, loc. cit. 

‘Sand. Tmufi. Farod. 6oc., 15. 171 (1919): N’erust, Ixihrlmoh, 8-10 .\ufl., p. 613 ff. 

T J. Am. Ckcm. Soc., 43. 2514 (1921). 

"Arrhenius, Z. phyaik. Chem., 100, 9 (1922); Kallmann, ibid., 98, 433 (1921); Piins, 
Chem. Weekblad, 20. 237 (1923). 
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have been attacked by Chapman and George,* Sand,* and Kendall,* The 
latter also pointed out that ‘'the remarkable coincidence of calculated and 
observed values in many tables is due to far loo frequent errors of calculation 
and transcription." 

Ghosh * believes that his equations could be made to fit acids and bases in 
aqueous solutions by assuming GnUtlius conduction ns well as ionic tranK|K>rt. 

The theory that electrolytes are completely ionised, ami that tliffert*nces 
in conductivity are due to changes in mobility, is a<topted by Maclnnea.* 

S. R. Milner,* who admits that SutherlamlV calculathms are "bas<*<l on 
several speculative hypotheses which are not always coinineiug," luis at¬ 
tempted to extend this jK)int of view, and his calculatitujs. altlmiigh very 
difficult, are the mo.^t thorough and intere>ting in this ficdil. He Isdieves that 
the degree of ionizaticui cannot U' calculatetl from either osmotic or conductivity 
data. Insuperable ilifficulties are said to ^tallll in the way of correlating 
change.s of conductivity with changes of ioiii/alion, and the former are to Im' 
correlated with the action of interiouic electr(»'<latic force"* <in mobility, afl<'r 
the manner of Huthcrhuid. loiib of strong elect rolyte^ are not ass<»ciated int<» 
molecules, but pairs of oppositely charged ioiis vvljich are tmipornrily in ehise 
proximity will behave in some cases as if they were actually Itoiind together 
The influence of electro.static forces affect^ e<|ually I In* o.sijiotic and c<mducti\ iiy 
data. The assumption of tiie ideal gas law in the dednclioii of Ostwald s 
equation amounts to tin* hypotliesis that the interitmic forci's fall off extremely 
rapidly with the distance, i.e., ‘'clK’niieal ' fitrees are postulated, as conirasteil 
with electrical forces obeying tin* inverse stjuare law. In bringing in inter- 
ionic forces this assumption, Milner Ix'lieves, must bo <liscarded. I ho inverse 
square law may intt apply to ions, but on the assumption that it diKis, he 
investigates, by a nmst involved calculation, the effect on tlie osmotic pressuro, 
and believes that the resulting effect is of the order ohserved, and that there 
are, therefore, no “chemical" forces at all All the ions are free in the sense 
that there are none combined by chemical forces into inoleculeM, l»ut there are, 
of course, “temporary associations" of the kind just descrilx*!!. 1 he effect of 
the water molecules is assumed not to la* representable as that of a contiiiuouH 
medium of dehnite dielectric constant, but "each ion is .surrounded by a 
number of polarized water molecules which tend to form chains linking to¬ 
gether pairs of temporarily nearest oppositely charged ions. , . . Tlie general 
effect would be to increase the attraction between an ion and the nearest one 
to it of unlike sign at the expen.se of tiie attraction of more distant ones, whicli 


Afog.. 41, 799 (1021). 

*PkU. 129. 281 (1923). 

»/. Aw. A’of., 44,717 (1922), , „ « i l r-L 

*J. Chm. Hoc., lU. 790 (191^); ^f- Auwlwfli and Zculni, Z. jmyttk. them., 103, 


(1922): Mund, BuU. Hoc. chim. lithe, 32, 150 (1023). 

•/ Am Clum. Soc.. 43. 1217 (1921): 41. lOHO (19IU). t)f. KeWlonW Ann. Vlivnk, 
47. 81 (1915); KjeUin. Archiz. Ktm. Min. </zol.. 4, N.i. 7 (1911); Harkhw. Pr«c. Sal. Acad. 
Sci. 5 601 (1920): Phillipiwn. flu// /lea./, flop, flfltf.’. 8. 76 (1922). 

•PMl. Man., 23, 661 (1912); 25. 742 (1913); 35. 214. 333 (1918); Tram. Farad. Sac.. 


IS. 148 (1919). 
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latter might be negligible in consequence.” An ion may be at the same time 
both free and combined. A distinction between weak and strong electrolytes 
can only be made by assuming that, in the former, chemical forces are present, 
and since only general agreement is obtained with strong electrolytes, “it is 
doubtful whether a pure electrical theory can account for all the details of 
individual strong electrolytes.” Milner’s theory is, therefore, of no immediate 
practical service. His view of particles which are at once free and combined 
also raises questions. Are we to 8uj)pose, for example, that the molecules of 
krypton are “combined” because they exert forces on one another, as they 
undoubtedly do, since krypton i.s not an ideal gas? 

Bjerrum ‘ also asHuines strong electrolytes completely ionized, but, on 
account of electrostatic forces between ions, they exhibit decrea.sing osmotic 
pressure, conductivity, and reactivity with increa.se in concentration. These 
effects are expressed by means of three coefficients, and an approximate formula 
for the activity coefficient is derived. 

borenz* points out that the u8sumpti(jn of complete ionization requires 
a new definition of transport number, viz., 

n = xtinl{xu(, 4- yvo), 

where x and y are separate mobility coefficients for kution and anion. Kohl- 
rausch’s formula A = aFiu + y) is then replaced by A = F(jmo + yvo), where 
«o and Vo are limiting values approached at infinite dilution. The rate of 
change of mobility with concentration is <lifferent for different ion.s. 

Lorenz's Theory: Lorenz ® calculates from the Stokes-IOinstein formula for the 
motion of a particle in a viscous medium the radii of ions, and compares them 
with the radii of atoms calculated from licinganum’s formula.^ The two are in 
general agreement, except in the case of lithium, tlie ion of which is found more 
than double the size of the atom. The conclusion is reached that hydration 
is absent except in the ca.se of lithium. Other values for the atomic radii * 
showed that the values of the ionic radii fouml from the Stokes-Einstein 
formula were in agreement in the case of univalent organic anions and kations, 
and bivalent kations. Bivalent anions have mobilities less than the calculated. 
The diameter of the hydrogen ion is 0.25, that of the hydroxide ion 0.33, and 
that of the ciesium ion 0.56 of that calculated. The diameters of ions which, 
on the grounds of migration experiments, arc assumed to have medium hydra¬ 
tion are found the same as tho.se of the gas molecules. Those ions which are 
strongly hydrated have larger ions. The calculation was extended to complex 
salts,® polyvalent ioilis,’ and inorganic anion.s.® In the latter ca.se (simple 

‘2. EUktrochem., 24, 321 Mftld. K. Vekrvik. S'obel Inst., 5, No. 10 (1919). 

»Z. anorg. Chm., Ill, 50 (1920). 

»Z. pku$ik. Chsm., 73. 252 (1910); cf. Dhar, Z. Elektrochem.-, 19. 748 (1913). 

<Cf. Lindemann. Tran«. Farad. Soc.. 15. 166 (1919). 

»Z. anorg. Chem., 94. 205 (1916). 

* Lor«ni and Posen, Z. anorg. Chtnn., 95, 340 (1910); 96, 81 (1916). 

nbid„ 96. 217 (1916). 

* Ibid., 96, 231 (1910); cf. Loreoi aud Scheuermann, ibid., 117, 140 (1921) (beosene 
nucleus). 
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^Its) the relation no longer holds, the divergencies Iwing in both directions. 
The formula used by Lorenz in calculating the radius of an ion from iU mobility. 
h (in ohm-), is: h = (I r).S.<Jo4 X 10 ' at IS» in water. With newer values 
of fundamental constant.s the con.stant is 0.371 x 10 '. 

Hertz’s Theory: ■ Ilerlz deiinced theoretically the equation go - g =■ /(c''*), 
and by a suitable adjustment of coordinates the relation between g and c may 
be represented by a single curve for all electrolytes. The e(|uation has beeii 
tested by lairenz,’ who finds that the eonslants are not in<le|ien.lent of the 
electrolyte but Iiavc Npecific values for eacli ion. 

Born s Iheory: \ niotliod of calculating the radii of ions has l>een proposetl 
b} Korn,* and applied by Izorenz * to calculate the degree of hydration of ions. 
Horn assumes that the .Stokes-Kin.stein efpiation for the niothtii cd spheres in 
a \i.scous medium applies even to small ion's, jniy discr<‘paiicie.s being due to 
electrical interaction between ions and solvent niolecule.s (cf. zSutherland’H 
theory, above). I he electrical viscosity increa'scs as the ion becomes smaller, 
whilst the fluid viscosity decreases. 'I'lie resistance passes tiirough a inininuiiii, 
and in this way the diminishing values of ionic conductivity with decreasing 
volume of the simpler ions is explained. Horn's calculations made the radii 
of alkali metal and halogen ions rather less than 10 » cm.‘ Horn’s theory has 
l>cen criticized by Kraus,® wlio shows that in tioti-atpieoiis solvents the order (d 
ionic conductances is not the .same as that predicted by Horn’s theory. The 
ionic mobilities are siiijposcd primarily determined by the diameter of the shell 
(d .solvent molecules surnminiing them, a.s was postulated long l)eb)re by 
Housfield. 

Modifications of the Law of Mass Action: The suggestion (d Arrheniii.H, 
that ifUiization is afTect(‘d by the pn'.-enci' of ions, which iia.s already l)een 
discu.ssed (p. o.V.)), led to modification of the law of ma.vs action. .S«)me ob¬ 
servers have rejected any such modifications; e.g., Noyes ' concimled that tlie 
degree (d ionization is not even approximately given by the law .d mass action, 
and lie used the empirical efiuation (d Harmwatcr:" 

1 — a = 

PhysUc. 37, 

*Z. anorg. Chem., 113, l.t-i (1920), I/m uz uii<l NVu. ihut. H6. !.'> (1921); Izoroti* iiiid 
zMtchaol, 116, 191 (I92ll, aixl OstwaM, iW. 114, 209 (1920). 

*Z Phymk, 1, 221 (192<)), Z. Kb'klritrhirn . 26, 101 (l920n 

*Z. Elektrochcm., 26, 124 (1920); Lf'uard. W rick an*l Mayer, .4«a. Phyaik, 61, 005 (1920). 

•Lungo, .Vtwro Cwi , 16. ii, 173 (191K), also iipnbeu Smken’s o<iuatior» iiad dofliiocii 
Walden’s relation .\oi) = const., independent of tciniMsralim}. The diamclors of ifjns are 
smaller than those of molecule.'!, IP and OH'-ion« are only hidf the molecular »i*o. and those 
have less friction in water than other ions. 

* Electrically Conducting .Systems, p. 20.1. (.'f. Dummer, Z. anorg. Chem., 109, 31 (1919). 

^ Technol. Quarterly, 17, 298 (1904). 

*Z. phyeik. Chem.. 28, 115 (1899): 45, 5.'>7 (190.3), $6, 225 (1900); Walden, ibid., 94, 
374 (1920). No.ves has since used the equation (ra)’'/c(l - a) /f, with n varying from 
1.4 to 1.6 for aqueous solutions of different salts over wide ranges of temiicrature: J. Am 
Chem. Hoc., 30, 335 (1908); Hunt. thiJ.. 33, 795 (1911). 
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The ionization is supposed to be given by a = A/Ao, since the E.M.F.'s of con¬ 
centration cells, calculated on the assumption that a changed with e according 
to the above equation, agreed to within 1 per cent in the case of KCl and NaCl 
between concentrations of N/600 and N/20. The empirical equation gave 
equally good results with salts dissociating into 2, 3 or 4 ions, the concentration 
of unionized salt in all cases being proportional to the 3/2 power of the ion 
concentration. 

The most comprehensive treatment of ionic equilibrium from the point of 
view of modification of the law of mass action is that put forward by Jahn ' 
and a similar theory by Nernst.’ Jahn allows, in the derivation of the mass 
law from thermodynamics, that there is mutual action between ions and 
molecules and solvent. Nernst also assumed action between neutral salt 
molecules. Jahn’s equation is: 

N ~~ Til 

in which N - no. of mols. of salt dissolved in n mols. of solvent; rii « kation 
mol. fraction; c = base of natural logarithms; a, b, K ^ constants. The 
constants a and b are functions of temperature, pres.sure and composition of 
solute and solvent. 

Nernst's equation is: 

^g2fi(int4«„-»7i<i,H-<o(2»noi-wo) _ const. 

Co 

in which Ci, Cq are concentrations of ion.s and salt, mi, mo are coefficients of 
influence between ions and between neutral molecule.s, witu is the coefficient 
of influence between ions and molecules, and nin the coefficient of influence 
between the two kinds of ions. The coefficients are determined by trial.* 

The equations derived from the point of view of “activity coefficients” 
are described in Chapter XII. 

Conductivity and Chemical Constitution: A number of regularities haye 
been pointed out in the relations between conductivity and chemical constitu¬ 
tion. These include * comparisons between ionic mobilities and between 
ioniaation constants, K, of the Ostwald dilution law. 

Bredig * found that the mobility of elementary ions is a periodic function 
of their atomic weights, and rises with atomic weight in each family of elements. 

' 2. physik. Ckem., 33, 546 (1900); 35, 1; 36, 453 (1901); 37, 490; 41, 267 (1902); 38, 
125 (1901). 

*Z. phynk. Chtm., 38, 487 (1001); of. Planck, Thermodynamics, tr. Ogg, 225, 234 (1903); 
P. Henderson, Z. phyaik. Chem., 59, 118 (1907). 

* GCbol, 2. phyaik. Chem., 42, 59 (1902); HolTmann and Langbeok, ibid., 51, 385 (1905); 
Henderson, t&id., 59, 124 (1907); Siysikowski, ihuf., 58, 420 (1907): 63, 421 (1908); Roth¬ 
mund, 69. 523 (1909). 

•Cf. Lehfeldt, Electrochemistry, London, 1908, p. 93 f. (by T. 8. Moore); Ostwald, 
Lehrbuch, II. 1, 674 f. 

•2. phyaik. Chm., 13, 191 (1894); cf. Loroni and Poaen, 2. anorg. Chem., 96, 217 (1016). 
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Analogous atoms, with atomic weights pxcrciling 35, have approximately 
equal mobilities. Thus, the mobilities at infinite dilution of JMg ", JCa", 
}8r" and iBa ‘, at 25°, are 62, 66, 67 and 68, rcsiwctively; those for Li', 
Na', K', Rb' and Cs' are, respectively: 42,6, 52.6, 75.5, 78,6 and 78,8. Iso¬ 
meric and metameric anions liave the same inohility: the equivalent mobilities 
of ortho-, meta- and para-toluic, and phenylacetic neids are 32,0, 32.1, 31.7 
and 31.9, respectively, phenylacetic arid being inetanieric with the other three 
isomeric acids. This rule does not hold for kations. 

The greater the numlier of atoms in an ion the smaller tlie mobility (llredig, 
lot. til.), providcrl anions are compared with anions, and kations with kations. 
The rule holds leas rigidly among kations. 'Fhe mobility of an ion is reduced 
by substitution of 11 by halogen, Nil., Xt),, and sometimes ('ll,. 

Inorganic acids differ from organic acids * in that they are strong elec¬ 
trolytes in aqueous solution (except II,S, IICN) and ilo not oliey 

Ostwald’s dilution law. Little is known as to their constitution, but it apimars 
that addition of oxygen or sulphur assists the formation of iems (11,8,1), is ns 
strongly ionised ns H('l). 

Organic acids have been well studied.* 'Fhe ionisation constant K (d fatty 
acids decreases as the series is ascemled, but the substitution of successive 
CH, groups does not cause a constant decrease. Substitution of II by Cl, Hr, 
and I causes a large incren.se of K, the magnitude decreasing in the oriler 
given. The sub.stitution of a second atom of Cl has less effect than the first, 
and a third less than the second. The effect ipf replacing Cl by CN is still 
further to increase K, and this is suppo.sed to inilicate that the CN group in 
HCiN (a very weak acid) is differently constituted from that in cyanncelic 
acid. Substitution by halogen in the a position proiluces a gri'ater effect on 
ionisation than in the (i position. Similar results have l>een found in the sub¬ 
stitution of H by OH in all aciils, fatty and aromatic, except in the case of 
p-8ubstitution in the benzene nucleus. 

Unsaturated neids ionize more readily than the comwponding saturated 
acids; different isomers (e.g., crotonic and iaocrotoidc acids) have different 


iottizations. 

The aromatic acids show much greater regularity than aliphatic. In the 
case of substitution in the nucleus, the groups Cll,, OH, NO,, Cl increase K, 
the effect being greater in the ortho- than in the meta- and para-positions; 
NH, decreases K, the greatest effect being in the ortho- and the least in the 
meta-position. In the case of two substituents in the .same acid, the actual 
ionization is less than the value calculated on the assumption that each behaves 
independently, although in the case of a-dibroraopropionic acid the discrepancy 
is not large. The same holds in general lor aromatic acids. 


■Effects of substitution in organic aoids. sunimarj- by Wegseheider, MomUth., JJ, 287 
(1902); Nernst, Lehrbuch, 8-10 Aufl., p. 583. 

•Ostwnld, J. p^kl. Chm., 31, 433 (1885); Z. lihyiik. Chrm.. 3, 170 (1889); Walker, 
dad., 4 , 319 (1889); Betlimann. tbal., 5, 385 (1890); Bader, ibid., 6, 289 (1890); W^den, 
HM., 8, 433 (1891); Brsdig, iW., 13, 289 (1894); Jones, Uoyd and Wiesel, J. Am. Chtm. 
Soe., 33, 121 (1916) (alcohol wdutions). 
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The transition of acids from the benzene to the pyridine series is accom¬ 
panied by decrease in the ionization constant. 

In the case of dibasic acids ' the first ionization constant, calculated from 
conductivity, is equal to the sum of two ionization constants, one for each 
carboxyl group, which are equal if the acid is symmetrical. Of two dibasic 
acids which are analogous, the one with a larger second ionization constant 
appears to have a smaller first ionization constant (Ostwald). 

Conductivity measurements have played an important part in the elucida¬ 
tion of the constitution of pseudo-acids.* 

Organic bases do not exhibit such regularities as acids; ’ secondary bases 
are usually stronger than primary or tertiary. 

In the case of neutral salts, organic and inorganic, it may be asserted that 
they are in general highly ionized, even if they are of weak acids or bases, and 
approximately to the same extent at equal dilutions. Some salts, e.g., HgCli, 
HgCyj, are only slightly ionized. By the application of the Ostwald-Bredig 
dilution rule (p. .527) it has been found that KH 2 P 04 and KHiAsOt ionize as 
monobasic acids.* 

Isohydric Solutions: Two solutions containing salts with a common ion 
are said to be isohydric when the concentration of that ion is the same in both 
solutions. The conductivity of a mixture of such solutions is the mean of the 
conductivities of the separate solutions.* Consider the first salt AB. The 
mass law gives 


A-, = iA-)i(B')IVAAB), 

where (/!'), (/!'), e(c., are the actual numbers of mols. contained in a volume V 
of solution. iSimilarly for the second salt AC\ 

N,= {A-),{C')IVAA(:). 

Ill general (.1 ')i is not equal to (/I')», since the ionizations arc iincipial. 

When the solutions are mixed the concentration of the common ion in the 
mixture is .seen to be ((.I')! + {A')AliVi + Ci) and this will be in equi¬ 
librium with the ionization of the salt AB when the equation: 

A',= (B')p-), +(d-),|/(r, + VAiAB)= {B').iA-},IV,(AB) 
is satisfied, and with the ionization of the salt -IC when the equation: 

K, = (C')[(d-), -b (.f)d/(Pi + C»)(.-1C) = (C').{A-hlVAAC) 

> rt. Meldnim, J. Phys. Chim., 15, AH (1011). 

*Hanttsrh, Her., 32, 675 (1890): Hiintzsch and Kalb, ibid., 32. 3109 (1899). 

‘Summary: Brodift, Z. physih. Vhem., 13. 289 (1894). 

* ('omplex and dnulile salts: sro Jiaios and Marltay, Am, Chvrn. J., 19, 83 (1897): Arclti- 
Itald, Tmns, Nom .Smtui Itml, Sci.. 9. 307 (1891); Mnraan. Z. idtyaih. Chem., 17, 513 (1895): 
Stopio, P/lit. Train., 198, 105 (1902); Werner and Minlati, Z. phym'k. Chem., 12, .35 (1893); 
14, 500 (1894). Kxeept at high dilutions, complex ions ap)>ear to exUt in solutions of double 
salts, 

‘Arrhenius, Ann. Phyaik, 30, 51 (1887); Z. iihysik. Chem., 2, 284 (1888); 5, 1 (1890). 
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18 satisfied. By division: 

(.4*),/K, - iA'WVt. 

On mixing such solutions in any proportions no displaccmont of the dissociation 
occurs, and hence the conductivity of (lie mixture is the mean of that of the 
solutions, provided the concentrations of the common ion were equal in the 
separate solutions.* This holds even for solutions of strong electrolytes, which 
do not obey the law of mass action.* 

The conductivity of mixtures of acids varies consi<lerably with dilution.* 
Arrhenius* found that the ionization of a weak acid in presence of one of its 
salts is inversely proportional to the amount of salt present. 

The ca.se of solutions containing two binary electrolytes with no common 
ion is difficult to work out. Arrheniu'i {he. a'l.) .‘‘howed tliat when a weak 
acid and several strong electrolytes exist in (he same solution, the res|)ectivo 
degrees of dissociation ni.'iy be cidcuhite*! as though the di'-soeiaieil )>art of 
the particular electrolyte were a dissociated pail of a salt of the weak acid. 

Sherrill * finds, in particular cases, that if (lie concentrations of the separate 
ions in mixtures of salts \sith no common i<tn .are calculated by the equation 

r.i]x[/o/dx/f.= 


where = total ioii concentration, the results are accurate to 0..> per cent at 
0.2 n., ami 0.2") per cent at 0.1 n. The ion concentrations were determined 
by conductivity. 

Mackay ^ tested tlie a^'iimptmu <if \rrheuius that in a .solufimi c«Mitaiiiing 
two salts with a common ion, each salt h;!-' a degree of ionization equal to 
that which it would h.ive wlien present alone in a solution in which its ions 
have a concentration equivalent to that of fiie c<»nmion ion in the mixed solu¬ 
tions. In a solution containing amim.niuin sulphate and chloride in 0 2mm n. 
concentration, the partial coiidiictuity of the cliloride was 2 per cent larger 
than the calculated, and that of the sulphale .V2 per cent larger. The partial 
conductivities were found from the transport number and conductivity. Bray 
and Hunt ® found in mixtures of hydrogen ami sodium clilorides that the ob¬ 
served conductivities in solutions 0.0(11 In 0 2 n. were always 1,0 per cent less 
than those calculated in 0.1 a. solutions of each sul>stance, the difference 
diminishing a.s the concentration fell. It w.as sugge.sted that the conductance 
of an ion may depend .in its actual concentration rather than on the total ion 
concentration. The measured and calculated values agreed on this assumption 
and on the as.sumption that the ionization.s of IK J and Ktd are equal. 

1 Cf. ArrhRmus, Z. phy<ok. Chem . 31. JIM (IMIW); Hray and Hunt, J. Am. Chem. »>c., 


33. 781 (1911). 

*Wakeniaim. rVm.. 15. l.-iU (IMM). 

*Z. phyaik. Chan., S. I (ISOU). Cf. I)or<M'h»!v»ki uikI I ridnmn. •/. Uuhh. I hya. Chan. 
Soc., 47, 1015 (1915); C/icm. d6»<.. 10. 2MJ2 (HMO). 

*J. Am. Chan. 3oc., 32, 741 (1910). 

Am. Chan. Soc.. 33. 308 (1911). 

Md’sapo.bnikolI, J. «UM. Wl/.. Chem .‘ioc.. 44. 
il6#., 6, 2878 (1912): Dnicker, Gifford. Gome*, Girtroan and KsMtuky, Z. EUktrochan,. 19. 
797 (1913): Thoma* and Baldwin, J. Am. Chan. Soe., 41,1981 (1919). 
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Bjerrum ' finds that the mass law holds in dilute solutions of salts in presence 
of a large excess of a second salt. 

Doroschevski and Dvorshantschik ’ investigated the conductivities of 
mixtures of aqueous solutions of sodium and potassium salts, and salts of 
alkaline earth metals. The isohydric principle was confirmed, when the 
formula of Barmwatcr • for the ionization was used. The results with sul¬ 
phates and carbonates agreed with the formula k = A — a/a’'*, where v = dilu¬ 
tion, and A and a are constants. The separate salts of the alkaline earth 
metals obey the formula x = 4 - ajv'l', whilst KI solution agrees with the 
formula k = A — a/v'l’. 

Kraus * finds that the isohydric principle when applied to mixtures of salts 
leads to 

C(>/c. = /(EC.), 

where EC< is the sum of the ion concentrations, including all ions.* As the 
concentration of the second electrolyte increases, the function, 

P.ICu = EP., 

where Pi is. the ionic product, reduces in the limit to the same form as the 
function resulting from the isohydric principle. The values for conductivity 
for mixtures of NaCI and HCI agree better with the experimental values than 
those calculated from the isohydric principle, and the equation P./Cu = /(EC.) 
is less accurate than P,/C„ = EP.-* 

Steam ’ finds the conductivities of mixtures of salts (halides of K and Na; 
concentrations 0.1 - 4.0 a.; 2!y° C.) less than those calculated, and that they 
increase with total salt concentration, and with increase of the ratio Na/K in 
the mixture. They decreased with increase in the ratio Cl/I. Complex 
formation is suggested. 

Hydrolysis! In virtue of its slight ionization, pure water is capable of 
acting cither as a weak acid or as a weak base: 

H.O^ H - -t- OH'. 

On the assumi.tion that the mass law holds we have: 

A-[H.O] = [H-][OH'] = K., 

since the active mass of the water is constant. K„ is called the ionization, or 
dusocialion, constant of icater. In pure water [H'] = [OH'] = c, and thus 

1 MtM. K. Vet. NoUl Iml.. 5, No. 25 (1919); DrOnsted, K. Danske Vet. Moik.fut. Medd.. 
», 1 (1920); K. Va. Nobd Inst.. 5, No. 25 (1919); BrOinted and Pedersen, Z. phnsik. Cktm.. 
lOJ. 307 (1932). 

'J. Bum. Pkvi. Ckein. Sac., 45, 1174 (1913); Chem. Abs., 8, 288 (1914); 4«, 371 419 
(1914); CTem.dte.. 8, 2515(1914). 

*8eo a)M}ve; Z, phyeik. Chem., 28, 115, 424 (1899), 

'J. Am. Chem. Sac.. 43, 2507 (1921). 

* Arrhenius, Z. pkytik. Chem., 31, 218 (1809). 

' Kraus, Electrically Conduotins Systems, p. 222. 

’ J . Am. Cham. Boc., 31,218 ( 1922 ). 
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p •">* i" ■^vor.l way«.> 

V ‘ ‘*‘® oxy-hydrogen cell (see Chapter XU).* This gave 

»'[OH?= J. ■“ »" PX” [«•] 

lol T’’® «f P"re watT- Kohlrnusch and Heydwciller (see 

p. 521) found * - 0.0384 X 10 * at 18°, from which K, = 0.61 X 10“'*. Kor, 
« = n(u + v), where n = no. of ion.s, i.e., 0.0384 X 10 * «(31S + 174) or 

n* = [If] X [OH'] = AV = 0.61 X 10-". 


(iii) Hydrolysis of esters by If and OH' ions. Wijs* hy the hydnilysis 
of methyl acetate with pure wafer, usinK the results on the relative rates of 
hydrolysis with H' and OH' ions, found = l.-H X 10 ** at 25*. 

(iv) Hydrolysis of salts; the theory is given below. Hy this method 

Arrhenius * calculated AV = 1.21 X 10 "at 2.5°. 


(v) Mutarotation of dextrose in aqueous^ arid, or alkaline solutions.* 

(vi) Hydrogen potential of acid or alkaline solutions.* 

The value of A„ incrcuse.s very rapidly with rise of teiu|X'ratun'.’ 'riio 
heat of ioniration is cxpre.ssed by the formula: 


Q = 27.857.5 - 48.57, 

and is 0.116 X 10“" at 0° 0.281 X 10 " at 10° ('., ,58.2 X 10 " at 100° 

C., and 525 X 10 '* at 200° C. Xoyes, Kabi and Sosniai: * found that the 
ionization of pure water increased very rapidly with temperature between 
0° C. and 100° less rapidly between 100° ('. and 218° pa.sseil through a 
maximum between 2.50° C. and 27.5° ('., and then decreased. 

Consider the ionization of a weak acid, to which the law of mass action 
may be applied: 

K- = [ii-][A']/[irA]. 

The value of [H'] will usually exceed the value for pure water, i.e., about 
1 X 10“', but in the ddute solution the relation A', = [H'][OH'] must 
always be satisfied, from which it follows that [OH'] must l)c very much less 
than 10“'. The electro-neutrality principle gives: [If ] = [OH']-h [A']. 
Hence: 

[If ] = A-.;[lf ] + A'„[IIA]/[lf ]; 

.-. [If]'= A'.+ A.[H,\]. 

‘ Nenwt, Lchrlnich, K-IO .Aufl.. p. 5W». Mcaun and ()nk«.s, J. Am. Ch-m. Stic., 42, 21 td 
(1920). 

^Ovtwald, Z. Tikytik. Chem., 11, 521 (IWl.'l); ArrheniuM, ibid., 805; Ncroat, ibui., 14, 
166 (1894); Lorens and Bobi, ibid., 66. 7liH (1909); lyfwifi. HridhUni and Sclumtian, J. Am. 
Chem. Soe., 39, 2245 (1917), find K^, »• 1.012.1U“>* ut 25® by calnilstiou, 

*Z. phynk. Chem., 12. 514 (189:p. 

*Z. phyeik. Chem., 11, 805 (1893). cf. Hray. J. Am. Chem. Soc., 32. 932 (191U); Seyler 
and Lloyd, J. Chem. Soe., 111. 138 (1917). 

• Hudson./. s4m. CAem. sSor., 31, 1136(1909); not an amjrate method. 

• FVaiy and Niets, J. Am. Chem. Soc., 37, 2263 (1916); ■■ 1.76 X 10““ at 26®. 

^HeydweiUer, Ann. Phytik, 28. 5U3 (1909). 

• J. Am. Chem. Soe., 32. 169 (1910). 
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This equation is exact; usually is negligible in comparison with Ka, so 
that we have approximately: 

iC. = [H-]V[HA]. ' 

A similar expression can be deduced for bases: Kt, = [OH'J/[BOH]. 

When we have to deal with solutions of salts of weak acids and bases, then 
hydrolysis occurs, i.e., the salt is decomposed by water with production of free 
acid and base: 

AB + H,0 HA + BOH v=i H' + A' + B’ + OH'. 

The result is easily detected qualitatively, since salts are nearly always highly 
ionized, and the anion or kation of the salt will combine with H' or OH' ions 
from the water to form nearly unionized acid or base, leaving an excess of 
OH' or H ■ ions, respectively, in the solution, which give it an alkaline or acid 
reaction. 

Three cases must be considered: 

(i) Salt of a strong acid and a weak base (e.g., aniline hydrochloride): 

AB + H 2 O HA + BOH ^ H ■ + A' + BOH, 
the acid HA being largely, and the base BOH hardly at all, ionized. 

[BOH][HA]/[AB][HjO] = constant, 
or, since [HiO] is practically constant: 

[BOH][HA]]/[AB]] = base X acid/salt = K/,, 

where is the hydrolysis constant. A'j is defined in a way independent of 
the ionic theory. The decomposition of salts by water was studied by H. 
Rose in 1851.‘ 

If the concentration of AB is 1 mol. in a liters, then, when equilibrium is 
attained, we have, if x is the degree of hydrolysis: 

[HA] = z/v, [BOH] = x/v. and [AB] = (1 - x)lv, 

K„ = [H'][OH']; hence [OH'] = A„/[H’] = K^vfx, 

the acid HA being completely ionized, and giving a H' concentration of 
x/v = acid concentration; the base is assumed non-ionized. (The presence 
of the ion B‘ of tluj salt will drive back the ionization of the weak base.) If 
Kb = [B •][OH']/[B01I], then: 



so that: 

K^IKy = x’/(l — x)o. 


■ Ant), ptii/nh, 82, 545 (1X51). 
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The hydrolysis ciiloulnted from the equation Alt + II.O = I|A + 1(011 gives 
the constant: ’ ' * 


K, = [HA][1(01I]/[A1(] = ^ ^ 
e e 


■r J- / I - .r 


- J-)e. 


= A**. 


->a-4 ViVaJ Ko 

In many cases A’^ is imicli lar^or than A’„, ho that llu' ratio A’,r/A'i, i.s very 
small. The expression then redina's to: 

X ~ VrA'„;'A'f, cuMvt, X Vr, 

so that the hydrolysis of a salt of a weak base with a strong acid is proporti<mal 
to the square root of the dilution, and is (“aMly calculated from the values of 
A’ur and AV‘ 

(ii) Salt of a strong base irilh a tnnk ocnt u* ^ , K('N). Uy a calculation 
exactly similar to the above we find; 


'r‘ ( N., \’ A-„ 


or, approximately: x - VcA',, A'., = eon>t. X Vr. 

(hi) Salt of (i weal: acid and a umk /msc (c j;., aniline acetate). The naictioii 
is AIJ -j- II 2 O ^ HA + HOH. the acid atnl haM* heinn practically unionimi. 
With the same notation as before we lind (tlie salt beinn nearly Cfunpletely 
ionized): 

[AB] = {1 - x);v, [.A'J = (1 - x)iv = [if]. 

Also [HA] = j/t’ = [BOH]. The ffill(twini< three relations liold gr>od; 

A'. = [HToir], 

A'. = [irlA'KllA]=[il'j‘^-/' 

As = [ic][()ii'];[i!'>'i] = I]' 

from wliicli follows: 


A./fi = A'„[(l - z)lxy. 


(1 - X);z = = const. 

> Cf. Noyea and Melchcr. Cttnuoir Innt. Pui>.. No, IW, p. 94: hydrolynw of ualU of waak 
bases and strung acids iucreajtes with rise of tcmperulurc. 
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Hence x, the degree of hydrolysis, is independent of dilation. We have also:’ 
[H-] = K,x/{1 - i) = = const. 

The methods used in determining degree of hydrolysis are as follows: 

(i) Measurement of the catalytic effect of the “R' or OH' ion, e.g., in the hydrolysis of an 
ester or the rate of inversion of cane sugar.* The rate of hydrolysis of the ester is determined 
in presence of a strong acid (or base), and the velocity constant, k, compared with that 
found when hydrolysis of the ester occurs in presence of the salt. 

(ii) Dietrihuiion meaeuremenU: The solution containing the salt is shaken with an im> 
miscible solvent in which the free acid or free base is soluble. From the known distribution 
ratio, the concentration in the solution is easily calculated. 

(iii) Freezing point lowering.* 

(iv) Conductivity: Let k be the observed specific conductivity of a solution of BA of 
concentration c. The apparent equivalent conductance is <c/c “ (1 — x)(ic/c)* + 

where is the conductivity the salt would have possessed had no hydrolysis occurred and 
X//X is the conductivity of the acid, assumed strong. The base is assumed very weak, so that 
it does not enter the conductivity equation. Rewriting the above we got: 

x = (A-A,)/(A^^-A,). 

^HA u equivalent conductance of the free acid at practically infinite dilution; A« is found 
by Bredig’s method,* which consists in arranging the constituents of the solution so that 
A A«, i.e., X » 0. This is attained by adding excess of the free (practically unionised) 
base until A is constant.* 

(v) From values of /f*, and Ki,> 

(vi) Determination of H' concentration by concentration cell measuremerUa. 

Hydrolysis may very appreciably offect the results of conductivity measure¬ 
ments with very dilute solutions, especially when the values of the ionization 
constants of the acid and base differ.' 

When the hydrolysis of salts is followed by conductivity, the change some¬ 
times occurs slowly. This has been attributed to scarcity of ions;’ to hy¬ 
drolysis in stages;' to hydrate isomerism (e.g., green and violet chromic 

> Tiiord, J. Chem. Soc., 97, 2490 (1910); hydrolysis of salts occupying intermediate 
IXMsitions, see Uohden, J. Chim. Phys., 13, 201 (1915); Griffiths, Trans. Farad. Soc., 17, 625 
(1022), has conaidored tho situation in extitmely dilute solutions, when the weak acid and 
base are appreciably ionixud. 

* Ley, Z. physik. Chem., 30, 193 (1899); Bredig and Fruenkol, Z. Elektrochem., 11, 526 
(1905); Kellogg, J. Am. Chem. Soc.. 31, 40^1, 886 (1909); Henderson and Kellogg, ibid., 35, 
390 (1913) (neutral salt action). 

*G6bel, Z. phyaik. Chem., 89, 49 (1914). 

*8oo p. 627; Z. phjf^ik. Chem., 13, 191 (1894); Ikawa, Mem. Coll. Sei. Eng. Kyoto, i, 
320 (1908). 

*Cf. GiblM, Williams and Galajikian, Philippine J. Sci., 8, 1 (1913); Noyes, Kato and 
Sosman, J. Am. Chem. Soe., 32, 159 (1910); Huff and Nome, Am. J. Sci., 45, 103 (1918). 

*B5ttger, Z. phyaik. Chem., 45 , 602, 604 (1903); Hhgglun'd, Arkie. Kem. Min. Oeot., 
4 , No. 11, p. 1 (1911); Euler and Ugglas, Z. phyaik. Chem., 68, 498 (1909); Hk^uod, J, 
Chim, Phya., 10, 207 (1912). 

* Kovalevski, Z. anorg. Chem., 23, 1 (1900). 

* Antony and Oiglio, OauUa, 25. 1 (1895); Goodwin, Z. jAyatk. Chem., 2i, 1 (1896); 
Malfitano, Ann. Chim. Phya., 25. 159 (1912); Quartaroli. OoMeita. 45. 139 (1915). 
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chlorides); and to colloid formation,' since in the case of substances showing 
this slow hydrolysis the weak acid or weak base often tends to form colloidal 
solutions. 

Amphoteric Electrolytes: Some substances on ionization give two ions 
simultaneously, one positive and the other negative, leaving a residual molecule 
with two equal and opposite charges. This residue is considered as an ion, 
although its net charge is zero:’ 

A'.Wr v=i A'+ + -M* + Y-. 

Such an ion is called an arnphtilcnc (“Jtwitter”) ton. Mxamples are shown 
by glycine, o-aminobenzoic acid, and perhaps methyl orange: 

NH.CHzCOOH + 11.0 wa HO.NH,.011.(’OOH 

==iOIl' + N11.CH,C00 + ir. 


Very little is known of such types (jf equilibrium, although they are perhaps 
more common than is usually suppo.sed.’ , • i 

Beveridge' considers that the degree of hydrolysis of amphoteric elec¬ 
trolytes as determined by conductivity methods differs from that fouml by 
catalytic measurements. Methods which depend on If concentration all 
agree among themselves, but indirect methods ilependmg on conductivity, 
freezing point, etc., give different values. ■ , < • 

Adams ‘ has considered amphoteric electrolytes from the point o view 
of the relative strengths of the acidic ami basic functions If we consider the 
dibasic acid HAH and treat the two H' ions imlcpeiidei.tly, we have: 


if 1 = [H •][AH']/[HAI1]; A. = [H 'IHA'lClIAII]; 

K, = [H •][A"]/[HA']; A. = [» -IA'Q/EAH']. 

If we represent the first and second ionization constants of the acid by A' and 
K", respectively, we have: 

K' = A, + A,; A" = A.A,/(A. -1- A,). 


,,1. 34 06 (l«i;p illsliUllU liy Tmli. Cnmiil rriat , 172, 1170 (IIKI): 

.Wagner, M 96 (19^ 1.^^^ „|™i.,a,e« «c ll»n««l.. Z. -tm,- 

C*1 75 371 "(1912)- 30, 2wl;' .Matiia, lograhun, ami .'"ewirl. J. ” 4 !" 

Chem., 75, 371(1912), . p„|„rk, 7'raw.. foroU. .Soc., 

iriM l Nlyc and Whilncy. Z. Ctra,., 15, 694 (1S94). The retuttiot. la: 

Al(OH). + OH' - Al(OU)."' + fl." “ AKOHfiOH -t- OH'; 

Zb. .nductlvity -\2r 

■lowly (d«r.«mg f jj; „s 9 «,; Wmk.lH«:h. Z. pkyM. Chem.. 34. 646 (1901); 

• Kltoter, Z. anorg, C*«a. 13.12, OSW. R„ber«.n, J. Pky.. Chem.. 10, 624 

Luoden, Arkit. Km. Mxn. Gtol., 2. >o- IN < uw ^ 

Lehrbuch, 8-10 AuA, 1 -. 440, h. mtem u- carlxm monoaid. w. C - O. 

4 P~. Rn. See. SdM.. 29. 648 (1909). 
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Three cases arise: (a) the acid is symmetrical and the H atoms ionise inde¬ 
pendently: Kt = Ki = Kt = Kf — K and K' = 2K; K” — JJC; (6) the acid 
is unsymmetrical but the H atoms ionize independently: K, = Ki; K, = Ks 
and K" = K,Kil{K, Kt); (c) the acid is unsymmetrical and the H atoms do 
not ionize independently. Then K'/K" > 4. For a tribasio acid, K'jK" > 3. 
For phenolphthalcin and crystal violet, K'/K" is nearly equal to 4. In the 
case of glycine Ka (the acidic constant) is 1.8 X 10''® and Ki, (the basic con¬ 
stant) is 2.8 X 10-'», so that K’ = 3.7 X 10-> and K" = 1.8 X It is 

nearly as strong a base as methylamine and is a stronger acid than mono- 
cidoracctic. 

Miclmelis ‘ finds, if x is the proportion of unionized molecules of an ampho¬ 
teric electrolyte, that: 

a: = 1/(1 -h A'„/[II-] -f- Ki/[OH% 

where and fCj are the acidic and basic dissociation constants, respectively. 
Substances lor which K^Kh > 10““ are not capable of existing; at this point 
complete dissociation occurs. 

Substances such as lead and aluminium hydroxides are sometimes called 
amphoteric electrolyte.s, since they behave as acids towards strong bases and 
as bases towards strong acids. The dissociation of such substances is really 
hydrolytic in character, and has already been considered. 

Solubility Product: The effect of one substance in influencing the solubility 
of another is fairly general. The solubility of non-electrolytes in the presence 
of electrolytes is generally depressed according to the equations: 

S = b’o( 1 -1- Ac) or more exactly S = Soc"®', 

where c is the concentration of electrolyte, and A, B are constants.* 

The effect is a specific property of the electrolyte, although the order of 
electrolytes ns regards their effect on solubility is nearly the same for different 
solutes. The effect, sometimes known as “salting out,” is not confined to elec¬ 
trolytes: the effect of sugar in reducing the solubility of hydrogen in water is 
greater than that of salts (Kuler, loc. cil.)A In some cases addition of salt 
causes a marked increase in the solubility of a non-electrolyte, e.g., salts of 
aromatic acids in the case of ether and water (Thorin, loc. cU.). The solubility 
of salts is in general depressed, but not always, by addition of non-electrolytes, 
the solubility change being nearly, but not quite, a linear relation (Rothmund, 
loc. cit.). 

The solubilities of electrolytes in presence of each other, especially when a 
common ion is present, is of more importance than the above cases. 

‘Bioclum. Z.. 33, 183 (1911). 

■Rothmund, Z. Btektroctum., 7, 675 (1901); Z. phynk. Chem.. 69, 523 (1909): Nernst, 
(bid., 38, 491 (1901): Findlay, J. Chem. Sec.. 97, 536 (1910); 101, 1459 (1912). GelIcken, 
Z. phyaik. Chem., 49, 257 (1909); Euler, ibid.. 49, 303 (1901): Thorin, ibid.. 89, 685 (1915), 

• Cf. Armstrong, Free, Roy. Soc., 81, 80 (1908). 
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Consider the equilibrium: 

AgCl (solid) i=i AgCl (sold. sol.). 

If by any means the amount of dissolved salt is <lecreii.sed, more .solid will 
pass into solution to maintain saturation. The dissolved salt is ioniieil: 

AgCl (solid) ^ AgCl (dis.solveil) Ag' + ('I'. 

If the law of mass action applies: 

[Ag-][cr]/rAg('i] = A- or C.\g-I(r]= A[.\gt'l]. 

The term AXAgC'lJ is constant, since the .soluiion is saturatt'd at a given 
temperature. Hence: [Ag'][('l'] = con.st. -- .S. where .S' is called the nulu- 
bilitij product of silver chloride. It may he assumed that this relation hohls 
good when the concentrations [.Ag'j and ftT] are not eipial, and that sidid 
AgCl is in equilibrium with a .solution containing its ions when the ionic product 
[Ag'J[Cl'] is equal to the .solubility product. If the salt is eoinpletely ionir.eil, 
which is very nearly the case with .\g('l on accoiint of the great dilution, then, 
if X is the solubility, A = since each ion concentiation is equal to x. 

If the ionic product c.xceeds A, solid salt will pn-cipitate out of solution 
until the ionic product becomes equal to A. This is illustrated by the precipita¬ 
tion of NaCl from a saturated solution by IK I gas. The tT ion concent ration 
is increased, so that the product [N'a’][tTj now exceeds its value in the 
saturated solution of XaCI. The precipitation re.stores the value A of [Na']] 
X [CT], but this is now the product of a large (T coiicentratioii with a small 
Na‘ concentration, the excess of (T ion being paired with the 11' iotas in the 
solution. 

The quantitative aspect of the solubility product relation wins lirst described 
by Nernst.' Consider a coinjiletely ionized binary electrolyte A/t dissociated 
into the ions A' aiul It'. Then [.1 'Jf.A'J — const. =- hi’, where La is the 
solubility. Suppose now x niols. of a second completely ionized electrolyte 
with a common ion is added. The solubility of the lirst salt is reduced to L 
where L(L -f j) = Aob Tbi.s eiiualioii holds only for complete ionization of 
both salts, a condition rarely met with in practice. 

Let aa be the ionization of the lirst salt in saturated solution, lajfore any 
of the second salt is added. Let a. be the ionization of the second added salt 
in the solution, and oi the ionization of the first salt when the second is added. 
The concentrations of the ions of the first salt are Lai and Lai T xai, where x 
mole, of the second salt are addeil. 'Ihe ionic product is LaALai -f-xai). 
Assuming this to be equal to the ionic |iruduct of the first substance alone in 
saturated solution, we have: 

LaiiLai -h lai) = Wao’- 


' Z. P»V"*- Chem., 4 , .372 (1888). 
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By solving this equation ft* L we find; 

2ai v4ai‘ 


If oi = «! = a, this reduces to: 


X, h' LM’ 
~2+Vr+-:;r-- 


Those equations enable us to calculate the solubility of one salt in presence 
of a second salt with a common ion. 

In ^imating the ionizations the rule of Arrhenius ‘ is frequently used: in a miiture of 

lir, r T'.equal to that which it has 

when Praaont alone m a solution in which its ions have a concentration equal to the concen- 
ration of the common ion in the mizture. This is not quite accurate; other rules have 
Iwn dftcuBued m preceding sections. 

19 and°2”'*""*™^ "**’'** * *** ''epresented by the curves in Figs. 18, 



ion L mt nn’ fl “ "“'"‘a"'®' without a common 

I!!™™ ! r r «l‘l>»“«h HBr and HI, which have no 

ST^t si. u' solubttily.* NaNO., without a common 

ion, at flrsl causes a slight increase in solubility, then a decrease. 

r«suiuK(B^19).^'’"°'’’ »ith the theory mi far as qualitative 


'Z. ji*»«*. Chm.. 2, 284 (1888); 31. 218 (1899). 

■ Ki^Uz £lectrioaily Conduoting Systems, 'pp. 271-272. 
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The ourvee in Fig. 20 relate to the'mlubjlitiee of nxaltTHlely strong organic aoida in 
preeence of HCl at 25V There ia at hrat a mnirl (all in solulnlity, aa luHicatcti hy theory, 
then a nearly conatant, alightly decreasing sohihility, is reaoheii on further aihlnion of H(*l. 

All theee reaulta show that the simple theory of aohihiliiy priMiurt does not ndennately 
lepreaent the facts. The experiments of Nernsl (for. rd.) and of Noyes * showed lietter 
agreement. Noyea worked with ailver bro- 
mate and nitrate, as well as with thalliuin 
salts, UNOi with KNOi, TIC NS with 
KCNS and TINOi. The sdver salts gave 
aatisfactory results, but the thalliiun sall.s 
did not conform to the theory. Noyes 
concluded that either the law of solubility 
product is incorrect, or else that eonduetiv- 
ity measurements do not give a correct imsi- 
euro of the ionisation. He then reverseil 
the procedure and ti-seti solubility measuro- 
ments to determine the degree of ionisa- 
tion.‘ In this way with TINIb. a strong 
electrolyte, he obtained vnluos which agn-eil 
with Ostwald's dilution law. Kendall > has 
pointed out that this niethcai may give 
erroneous results. Other experiiuents of 
Noyes* with tcn'olent chlorides also gave 
results in agreement with Oatwald s form¬ 
ula. The discrepancies were cleared uii 
when Noyea found ‘ that TICI does not ion¬ 
ise to the same extent ns alkali chloniles, as 
had previously been assunied. When this 
correction was made, the degrees of amis- 
ation found by solubility and conduct ivitt meth.Kh 



I'l 
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Conen. of added Qcid 

,g,.|ubiblieB of Acids ill Hydrochloric 
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n found by solubility and called m „ue.tioi,.* 

More recently the law of nai^Umey of o( NnCI np a 

Cameron found that the solubility of g.U'suni . ' | ||,n „n,i .Sminions found 

certain .xiint, but on further addition the .o , a . tc ' .. „re.lt» 

the same re™lt with silver sulphate anil a ^ ... 

could only be explained on the assumption t .. ^ ^ ,|,„i ... 

toSst r c:::7TO;^:.i'SA.'^i:e;r:^ decreeing wdl, increasing ..a. 

found the solubility of TlCl (in water) mcnmosl .o. .iddm 

m presence of KCb BsCI. and UbOi- . (salicylic, „-„ilrelwusolc), in 

preset": " ir;;:ic. HCI, in ..- ... - 

' Z. physik. Chem., 6, 241 

* Z. phygik. Chem.. 6. 2.50 (1R90)* 

* Proc. Roy- fSo^M 85, 200 (1911)- WitnniiiiluffT J. .Iw* .^oc., 33, HMW 

* z. pliyrik. CTicm., 9, 003 (1S1)2); Hray anil ... 


* r A.m 


Css, nsfidOlO). 
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constant solubility product were found. These were positive or negative according as the 
acids were chemically similar or dissimilar. The solubility of an acid in a solution of another 
acid is made up of two parts, one of which increases or decreases regularly according as the 
acid is more or less soluble in the aqueous second acid than in pure water, whilst the second 
part of the solubility decreases fairly rapidly according to the ionic strength of the solvent 
acid. All observed divergencies from constant solubility product can be satisfactorily 
explained by the first of these causes. Noyes’ proposed method of determining ionization 
on the basis of the solubility method cannot therefore lead to accurate results. 

Experiments of Hill ‘ with AgBrOj, TICI and PbCU in presence of varying amounts of 
acetic acid indicated that the solubility product decreases with increase in concentration of 
the more soluble electrolyte. Hill interprets his results OvS follows. Suppose the solution is 
saturated with AB and the added electrolyte is CD. The mixed solution contains the salts 
AB, CD, AD, and CB and the ions A ", B\ C, !>'.* The solubility of AB =» I* is then 
(A'] + fAD] ** |fi'l + (CD), from which by multiplication we find L~ VAD + Aft 
where M has some positive value. It follows that if L l)Ccomc8 leas than VaD the solubility 
product is smaller than it would be in a saturated solution of AB in pure water. Hill’s 
results show that this is the case, except in one instance, the solutility of MeiNI in aqueous 
ammonia. 

In the case of uni-bivalent salts such as PbClt, Ca(OH)j, AgjROi, etc., Noyes and Bray * 
have shbwn that the solubility product principle breaks down completely. The product 
increases greatly in such cases, since the addition of the bivalent ion causes no great decrease 
in concentration of the univalent ion of the salt with which the solution is saturated. The 
conception of solubility product is “an approximate empirical principle” without theoretical 
foundation, according to Stieglitz;* it must l^e rememl)crc(l. however, that the deduction 
rests upon the very improbable assumption that the solubility of a substance is not influencetl 
by the prosonce of other siibstances unless these contain a common ion. All experimental 
evidence speaks against this. The failure can hardly l>e laid wholly at the tloor of the theory 
of electrolytic dissociation, or even of the law of mass action as applied to clcctmlytes. 

Bray* has attempted to find a fresh theoretical basis for the law of solubility. The 
solubilities of ternary and higher typos of salts have l>ccn investigated by Harkins.® but the 
results are not easily intorprotod. Working with solutions of KCl, Ba(BrOs)s and PbCb, 
ho found: 

(i) Addition of a salt of common univalent ion causes rapid decrease in solubility (in 
accordance with the solubility-prodtjct principle). 

(ii) Addition of a salt containing a common bivalent ion causes: 

(a) Slight docreaHO and then increase in the solubility of the salt if the latter is mod¬ 

erately soluble; 

(b) Slight but continuous decrease in the solubility of loss soluble salts (this was only 

confirmed to a concentration 0.2 n. of the added salt): 

(c) (!^ontinuou8 increase in solubility in the case of extremely soluble salts. 

(iii) Addition of a salt with no common ion causes increase in solubility. 

The intcri>n‘tation of experimental results is somewhat uncertain because the ionization 
functions of each of the mixed electrolytes are unknt)wn. In the cases of higher electrolytes 
especially, intermediate ions may exert an unknown oiTect and Harkins has shown that the 
solubility curves of these electrolytes may Ik; ((ualitativcly explained if the presence of such 
ions is assumed. Kendall and Andrews ^ moisurcd the solubilities of acids of varying strength 

> J. Am. Ckcm. Soc., 39. 218 (1917). 

> Complex ions might also Iw present. 

Am. Ckem. Hoc., 33, 1043 (1911); Noyes, Hoggs, Farrell and Stewart, ihid., p. 1050. 

*J. Am. Chftn. Soc., 30, 940 (1908); of. Findlay, Z. ithysik. Chrm.. 34, 409 (1900). 

*/. Am. Ckem. Soc.. 33. 1673 (1911). 

•/. Am. Ckem. Soc., 33, 1807 (1911); Harkins and Pearce, ihid,. 38. 2679, 2709, 2714 
(1016). 

* J. Am. Ckem. Soc., 43, 1545 (1921). 
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ftlon® and in the presence of weak and strong acids up to liigh fonccntrations. The anUibility 
of all acids U initially decreased by the addition of strong acids but, with few ciceptioiw. 
passes through a minimum, whilst at high concentrations of added acid the wJubilit)' ia 
markedly increased. The initial depression is assumed due to rciiresaion ioniaation; 
it is greater the stronger the acid added, and is missing wlwn the acid addc<l is very weak. 
The minimum solubility is much lower than corresixmds with the eonmitrntam <»f unioninvl 
molecules in pure water, i>crhaps on account of withdrawal of water to liydrali* the added acid. 
The rise in solubility on further addition of strong acid is i>ur down to complex formation. 


CoMPl.KX loss' 

Many methods are availaUc for fiio dett'clioii and o.stimalion uf complex 
ions in solutions: purely chemical, minralion data, partition ooelficients, 
solubility measurements and application of Nernst's soluliilily product eipia- 
tion; electrode potentials, and cryoseop'c measnreinents. Those inetliods 
which fall within the limits of this st'ction have already been briefly con.sulered. 

Xon-Aqukoi'.s Somjtions 

Conductivities of Pure Liquids: TIk- cmlnctivitic,. of pun- liquids (iu- 

cluding water) are very small, and are ^e,■^• laiRelv iullueuc.d l.y I .e ..re 

of small traces of impurities, so that llieir delermmalmu is a mailer of <uu- 

sidcrable difficulty.' , , ., . 

In some cases, c.r., uith sulphur dioxide, amumn,a, elher 

carbons, the results resemble Urn.lamed iv. h \ 

assumed that these .substances have no measurable eonduelanee m the pert, tly 

.-.. 

(( arvallo). .showed that, in 

The measurements of ^ „.|,ioh was mde- 

tbe case of hexane i,.,i „„ (l,e nature ..f the conlaiuinK vessel. 

Z!:' 2 ;J:S:':he::itu. . ... 

'See Complex Ions, .V. ’■'""I"')’..'','' 43 70,', (Pjoai, Pirk. /u«« , Krr.kiu, IIXIO, 

•See (or examples: Slienll,'.v»' • ‘ psis, Itololl, Z. 

Z. emirjr. C*em., 51. 1 (lUOf.,. ' V.w"|isU1l' 18 •W.'i (IWtt)'. Plotnikov and Itokoljan. 
IJ, 341 (1894): Jakowkm, j, n„. .SV.. W. PWl HUH): M"™- 

J. Rusa. Phtit. Chm. .Sof.. 47, 7.3 (I .11 U. Alsw's Anorsanisrhe Chemie. 

Complexion, 1914: - 1.7-“ -1, .5., 7,7 ,19,«): 

•WJden, Z. pkvs'k- Ckrm , 4 «, ny„^r. 1, 171 (1914); 1 . 

155. 1609 (1912); 15J, 1144 (Will. 1 • lor. previous measutemenPi all 

142 (1914); Fassbinder. .4nn. ' 7' ,„sk„ (pliysienl condition ol elcetoslcs 

affeeled by impurities); ^hn,der, j, ,.,„„|„Hi„s Systems, 1922; Walden, 

affeet. results); Kraus, J 'S |„|,u,„p,pl,y,. 

Eleklrochemie niebtwilssnjer Isisunnen. 1. - 
< Znn. Plivnk, 28, 320 (1909). 
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and the results indicated a conductivity due to ionization by radiations from 
the vessel, as with gases. Part of the ionization was due to external radiation, 
since the conductivity decreased when the vessel was surrounded by lead 
screens. The conductivity of hexane when exposed to rays from radium* 
did not agree with the re.sulta of Thomson with gases. The specific velocities 
of the positive and negative ions were 6.03 X 10“* and 4.17 X 10'* cm./sec., 
respectively, and the coefficients of diffusion 1.50 X 10“‘ and 1.03 X 10'‘. 
Van der Bijl,’ by a method eliminating ionic diffusion, showed that, in the case 
of hexane, carbon tetrachloride and carbon disulphide, Thomson's formula: 

duldi = — an' 

is obeyed, n being the number of positive or negative ions per cc. and a the 
coefficient of combination.’ It appears, on the whole, as if the conductivities 
of pure liquids, other than water or ionizing liquids, and of gases are similar 
in the mechanism by which the current is carried. As an example of the 
difficulties met with in this field, reference may be made to the decomposition 
of liquid sulphur dioxide by light, with formation of products which dissolve 
and increase the conductivity: * 

3SO, = S + 2SO,. 

The values of the specific conductance, s, for some pure liquids are given 
in the table opposite. 

Ionizing Power of Solvents: Dutoit and Aston ’ considered that only as¬ 
sociated solvents were capable of ionizing dissolved electrolyte.H, but the results 
of Walden ’ show that all liquids are capable of causing ionization to some 
extent. 

One property of the solvent which has a marked influence on its ionizing 
power is the dielectric constant. This is considered in a later section, but it 
may bo noted that the mass action constant K decreases rapidly with D, 
especially when D is less than 10. 

The effect of association has also been studied by Turner,* who states that 
all associated liquids are conductors, and the beat conductors are those which 
are most associated. A notable exception is water, and it is doubtful if this 
rule is general. The constitution of the solvent plays a part; acids in some 
solvents (c.g., water, alcohols) appear to form complexes with the solvent which 
are active in carrying the current, solutions in other solvents (e.g., nitro¬ 
benzene) having very low conductivities.* The chief factor governing the 

* JsffC, Ann. Phyaik, 32, 148 (1910); cf. Curie, Compt. rend., 134, 420 (1902). 

’Ann. Phyaik, 39, 170 (1912); Bialobjeeki, La Radium, 8, 293 (1911). 

• Conduction of Eleotricity through Gasea. Cambridge, 190ft, pp. 10, 17. 

* Coehn and Becker, Z. jdtyaik. Cham,, 70, 88 (1910). 

• Compt. rand., 125, 240 (1897). 

• Z. pkyaik. Cham.. S4, 129 (1008). 

' J. Cham. Sac., 99, 880 (1911); Molecular Aeeociation, London, 1916. 

* Kendall and Groaa. J. Am. Cham. Soc., 43, 142ft (1921), 
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table XI 

_ Ste^c Comdcctawe of Pfbe LiuuiM 


Ol)aPr\'rr 


Liquid 

Tem¬ 

pera¬ 

ture 

«C. 

K 

SO.. 

15 

i.s X io-i> 

NHi. 

15 

3.8 X I0-'“ 

NHi. 

-80 

4.9 X lO-'o 

(CiH.),0. 

16 

7.6 X 1U '« 

(CH.),CO. 

15 

1.2 X 10 »* 

CH,OH. 

0-20 

8.0 X 10 ' 

HCN. 

0 

1.1 X lO - 

CiHiOH. 

17 

1.2 X lO * 

(C,H.),0. 

— 

1.3 X 10-‘» 

CiH»OH. 

~ 

1.35 X 10-* 

0,H. ... 

_ 

_ 10 u 

CjHtOH. 

18 

1.7 X 10': 

C,HuOH. ... 

- 

1.4 X 10 * 

N(CH.),. . 

- 33.5 

2,2 X 10 

(C'>H.),NH... 

- 33.5 

2.2 X IO -"> 

CtHiNH, 

- 33.4 

4.6 X 10 • 

H.CO NH« .. 

25 

28 X 10-' 

Kthyl acotutc 

25 

Icijs than 1 X 10 

Ethyl benzoate 

2.5 

IciiH thnti 1 X 10 

Benzyl benzoate 

25 

IctLs ihiui 1 X 10 

Acetone . .. 

25 

5.8 X 10 » 

Acetophenone 

25 

5.5 X 10 • 

Acetic acid . .. 

25 

2.4 X 10-» 

Propionic acid . 

25 

IcM than 1 X 10 

CHiClCOOH... 

60 

1.4 X 10 • 

CCIrf^OOH .... 

60 

62 X 10 ♦ 


('ar\allo. .4 «m. fhyiiiquf, I. 171 {lOM)- 2 
142(1914). 

<ti>. 

do. 

do. 

do. 

do. 

do. 

f'unnilo. Comjtt. raul., 156. 17M (1912). 
Fiuwhjiidor. .ln«. Phymk, 48. 449 (I91.'>f 
Danner and Hildchrand. J. Am. <%m. Stir., 
44. 2K24 (1922). 

Ilolde, Her.. 47. .1239 (1914). 

KrauH and limhop, J. Am. ('him. Stir.. 43. 
15(M (1921). 

Krans and IIihIiop, J. Am. Chem. Stir., 44, 
220(» (1922). 

Klsey. J. .4w. ('hrm. Sar . 42. 24.V1 (1921)) 
do. 
do 

Davis, Pnlnam and Jonr.H. J. Fmnkhn Inul., 
180, .WT (191.'ji. 

Kenii:dl and (>roMs, J. .Im. ('him Sor , 43, 
1129 11921) 

do. 

do. 

do. 

do. 

do 

<lo 

do. 

do. 


lonUing power of solvent.'^ of low dieleclric constant i.s tlio choinical nature.’ 
A close relation between conduclivity and specific refraction lias Iwcn pointed 
out.* This.is not remarkable in view of the well-known relation iK'tween 
refraction and dielectric constant. 

Determination of Conductance: Tlie genera! methuds used for non-aqueous 
solutions are the same as those previously described for aqueous solutions. 
In general, however, much more care is needed to obtain reliable results with 

‘ Sachanoff, J. Rum. P/iyfi. Chrm .W . 43. .520 (1911), C. A.. 6 . 179 (1912); PlotnikofT. 
Chem. Soc. Abe., 114, (ii). 183 (1918). 

*Getfflaa and Gibbons, J. Am. Cfum. Sor., 37, 1990 (1915), Walden, Z. phyeik. Chem., 
59. 385 (1907). 
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non-aqueous solutions than is required with aqueous solutions when the same 
degree of accuracy is sought. One of the main sources of error is chemical 
change of the solvent. Thus, alcoholic solutions readily undergo oxidation 
in contact with platinized electrodes, and the conductance steadily decreases 
if this is not avoided.' 

The design of conductivity cells has been considered by Morgan and 
Lammcrt, on the basis of Washburn’s investigations (see p. 517). They have 
pointed out the modifications required with non- 
aqueous solutions.' The most suitable standard 
liquid for the determination of the cell constant 
was found to be standard potassium chloride solu¬ 
tion diluted with 95 per cent alcohol instead of 
water, the solution being forced into the cell by 
purified air. The usual methods of cleaning an<l 
drying the electrodes are inapplicable. A method 
is described in which the electrodes are kept short- 
circuited, and the two electrodes should have as 
nearly as possible the same contact potential when 
immersed in the solution. When the electrodes 
are properly cleaned no change of conductivity occurs with change of P.D. 
Fig. 21 shows a cell designed by Morgan and I.ainmort {loc. cit.) for non- 
aqueous solutions.’ 

Investigations on Kon-Aqueous Solutions:' The investigations on non- 
aqueous solutions are of very unequal merit. .Some are very inaccurate, and 
before using any data in this field a very careful comparison is required. Of 
the earlier results, those of Vollmer ’ may be mentioned as reliable. 

The simple relations between conductance and concentration found with 
aqueous solutions do not, in general, appear when other solvents are used. 
In some oases, when the dielectric constant is high, the conductance (molar or 
equivalent) decreases with increasing concentration as in the case of aqueous 
solutions. This is found with solutions in liquid ammonia and methylamine. 
In other cases, when the dielectric constant is fairly low (not greater than 20), 
a minimum conductance is attained. When the dielectric constant is about 20, 
the conductance decreases with increasing concentration at low concentrations 
and becomes constant at higher concentrations. When the solvent has a very 
low dielectric constant, the conductance increases with the concentration. In 
all oases, above concentrations of 1 molar, the conductance appears to decrease 
with increasing concentration.’ 

■ Partington, J. Chtm. Six., 99, 1938 (1911). 

Am. Chem. Soc., 45, 1692 (1923). 

* Cf. Robertaon and Acreo, J. Phya. Ckem., 19, 381 (1915); for ordinary work Partington 
{toe, cit.) found the stoppered type of cell, Fig. 2, p. 516. most suitaUe. The cell U nearly 
completely filled, and air and moisture excluded by a good stopper covered with Faraday's 
cement. 

*Cl Muller, Ahrens. Sommfuntf, 27. 268 (1923). 

* Ann. Physik, 82. 338 (1894). 

* AndUrson, J. Phya, Chem., 19, 753 (1915); Mathews and Johnson, ibid., 21, 394 (1917); 
Isbekoff and Plotnikoff, Z. anorg. Chem., 71, 328 (1911); Sachanoff, Z. phyaik. Chem., 83, 



Pi«. 21. (^mductivity Cell 
for Non-Afjucoua Solutionn 



CONDUCTANCE, IONIZATION 


AND IONIC EQVIUIiHlA 


.W? 


Steele, McIntosh and Archibald > att™ii>i,.,i t, . ■ . 

results on the assumption of complex formation betwce^slte 
on the basis of which they arrived at the relation ' 


kV" = a A’, 

where x = specific conductance, a = degree of ionisation, f = dilution A 
= constant, and ti = number of nmls. of solute entering into eombination 
This work has been very severely criticized by IMotnikolT,’ who shows that it 
is incapable of covering some known rcf«iilts. 

Walden ’ considers that tl»e position of the miniimnn molar conductance is 
related to the dielectric constant D of tlie solvent according to the e\I^re^si.ul 
j)V^i3 = const., for a given electrolyte, wiiere T is thedilutimi corro^ptuiding 
with the minimum molar conductance (correet(‘d for vi>cosilv). 

Creighton and Way state tliat the value of is greater in ali])h!itic than 
in aromatic solvents of tlio same type.* In the case of p-tolyltrimethyl- 
ammonium iodide the value of Aa, iu dilh'reut solvents greatest wlieii tin* 
latter contain a — CHO group, and least when they c«»ntaiu a — COOII gnmp. 

In the case of alcoliols * the results are more or le.ss similar to tlmse with 
water; methyl alcohol shows the closest .vimilarity, and the <livergence increases 
with the complexity of the alkyl group. The ionization is siualler than iu 
water,* and conductance usually increases with dilution, Similar results liave 
been obtained with solutions in plienol,^ which is of (hr uater type. 

129 (1913); SachanotT, J. Rnx.'r. Phi/A. Chon. .S««- , 44, iJJt (IU12); .1 , 6. (19I2|; 

Gntinan and Gibbons, ./. Am. Ch m. Soc., 36. Hh-lU (1911), 37. 1990 (191.')). 

•Steele and Mrintosh, l*roc. Ro>/. .SV., 74, 321 (I^M).")); ArcliibjiUI, J. Am. ('hem. Sue., 
29, 665 (1907). 

* J, liuss. Phya. Chem. Soc , 40, 1213 (190s), O'/k tn. Sor. ,pi», 06, (n), 13 (1909); I'rHcikliii 

and Gibbs, J. Am. (Ricm. Site., 29, 13s9 (1907). Iidw^ait, Sim-IijuioIT, ./. Rutn. Phyg. 
Chem. Soc., 43. 534 (1911); ('. 6. IM) (1912) 

* BuU. Acad. Sei. Pilir.dmry, 7, ]0s;{ (1913), S;n liatioff and Pr«bclHir<»vr‘ki. J. Riiiif>. 

Phya. Chem. Soc., 47, M9 (I91.‘>), Sacliaii'id ami ii-rli, ihd , p, s.'»9, ('. .1., 0, 3(M)9 

(1915). 

*J. Franklin Irud., 186, 67.') (191S). 

*Cattaneo. H. Aaui. Torino, 28. 617 (ls93). Vollin.r. Ann. Phyiok. 52. 32H (IK94). 
Partington, J. Chem. Soc.. 99, 1937 (1911); T/<ih.i. Forad. Sor.. 15, 111 (1919»; llnlx-rfson 
and Acree, Eighth Internal. Congnss Aii/d. ('him , 26, ()09 (1912), J. Phya. Cfuni . 19. 3M 
(1915); Goldschmidt and coworkw, Z. physik Chem, 89, 129 (191.')), 91, 16 (1916); Z. 
Elektrochem., 20, 473 (1914); Getinan and (dblxuis, Am. Chtm. Soe., 37, 15HM) (191.')); 
Krcider and Jones, Am. Chem. J., 45, 2x2 (1911), 46. 574 (1911), ami puixTs by 

Jones in later issues; Turner,./. .l»a Chem. .SW , 40. i)")H ( 19()M) ; bloyil aii<l J^ulrcc*, (Jarnegte 
Inat. Pub., 260, 99 (1918); DutoK and ItapjX'jMut. J. Chtm. Phya., 6 , .54.5 (1908). Archibald 
and Patrick, J. Am. Chem. Soc., 34, 369 (1912). in< ili>l ulrohol: VOllrncr, loe. eU.; Kreider 
and Jones, toe. cit.; Gold«‘hniidt and Thucm’ii, Z. idiyaik. Chrm., 81, 30 (1913); Kimbach 
and Weitsel. Z. phystk. Chem., 79. 279 (1912). cf. ParUiialon and Grunt. Trana. Farad. Soc.. 
19. 414 (1923). 

•Keyes and Winninghoff, J. Am. Chrm. Soc.. 38, 1178 (1916), Bishop and Kraus, ibid., 
43, 1568 (1921); 44, 2206 (1922). Ac<Uonc; Walden. Z. phyaik. Chem., 54, 208 (1906); 
Dutoit and Levier, J. Chim. Phya , 3. 4.3.5 (1905): Koshde-Htwensky and Lewis, J. Chem. Soc.. 
99, 2138 (1911). 

’ Kraus and Kurts, J. Am. Chem. S(K., 44, 2464 (1922). 
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Numerous measurements in anhydrous formic acid have been made. The 
electrolysis of sodium formate in formic acid yields carbon monoxide.' The 
conductances have been determined by Schlesinger and co-workers.’ Higher 
fatty acids have also been used. The conductance in acetic acid ’ decreases 
with dilution, the effect being more rapid with propionic acid. The effects 
are very marked with concentrated solutions, and complex formation is 
indicated.* 

Amines have been investigated by Sachanoff,* who found that the con¬ 
ductances in aniline, methylaniline, and dimethylaniline decrease in the order 
given. Dimethylaniline is on the border between ionizing and non-ionizing 
solvents. Aliphatic amines * and pyridine ’ have been investigated. In 
nitrobenzene solutions halogens are non-conduetors * whilst IClj, IBr give 
conducting solutions, electrolysis of which takes place according to Faraday’s 
law.* 

A very interesting solvent is formamide, H.CO.NHj, which forms good 
conducting solutions, although less so than water. The physical properties of 
the two soivents are very similar. In some cases the results are different, e.g., 
CBnCOOH is highly ionized in water but oniy slightly so in formamide.'* 

An extensive aeries of measurements have been made in anhydrous am¬ 
monia." The solutions behave similarly to aqueous solutions in that the 
conductance increases with dilution and attains a limiting value." The con¬ 
ductance of a salt in ammonia is, in general, higher tlian that in water, although 
the ionization is less. Ammonia approaches aleohol and aeetone in ionizing 
power. In some cases (e.g., KNH 2 , HgCy. and AgCN) a minimum con¬ 
ductance is observed. Franklin" found in the ea.se of CulNOalj, Zn(NOj)j, 
KHgCyj and KNHj two maxima and a minimum. Solutions of alkali metals 
in ammonia at the boiiing point (— 33..5°) conduct ionically, the negative ions 

1 Hopfgartnor. Monatih., 32. 523 (1011). 

'J. Am. Chem. Soc., 36. 1689 (1914); 38. 271 (1918); 41. 72, 1921 (1919), 

'Sachftnoff, J. Huaa. Phya. Chem. Soc., 43, 620 (1911). 

• Baohanofif, J. Huaa. Phya. Chem. Sac.. 43, .634 (1911); C. A.. 6, 180 (1912); Hopfaartner, 
Mmatah.. 33, 123 (1912); 34. 1313 (1913): KunovulofT. J. Huaa. Phya. Chem. Soe., 24, 440 
(1893); Chem. Soc. Aba.. 64, (ii), 360 (1893). 

‘y. (,’6em. Soc., 42, 083 (1910); C. d., 5, 3749 (1911); 44,324 (1912); C. A., 

45, 102 (1913); C. 3.. 7, 1831 (1913); Z. phyatk. Chem.. 85, 129 (1913). 

• Filagorald, J. Phya. Chem., 16, 021 (1912). 

' Baskov, J. Huaa. Phya. Chem. See., 46, 1699 (1914); C. A., 9, 2171 (1915); .4nderson, 
y. Phya. Chem., 19, 763 (1915); Mathows and Johnson, ifntt.. 21, 294 (1917). Pyridine is 
used as solvent in preparing some metals, e.g., Li. by electrolysis. 

•Bruner, Z. ElektfBchem., 16, 204 (1910); Butt. Acad. Set. Cracov., 731 (1907). 

• Bruner and Galeeki, Z. phyatk, Chem,. 84, 613 (1913). 

« ROhler, Z. Kkkimehem.. 16, 419 (1910); Walden, BuU. Acad.Sei. Peterab., 5. 1055 (1911); 
Davis and Johnson, Cameyie Inat, Pub., 260, 71 (1918); Jones, Davis and Putnam, J. Pranktin 
Inat., 180, 567 (1915); other organic solvents, Walden, toe. cH., 7, 559, 907 (1913). 

" See Kraus, Biectrioalty Conducting Systems, 1922. 

'• Franklin and Kraus, Am. Chem. J., 23, 277 (1900). 

■•Z. jdtyaik. Chem., 69, 272 (1909); cf. Franklin and Clibbe, J. Am. Chem. Soe., 29, 1389 
(1907) (methytamine). 
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^utions^ K «d Na is or „.o sHtf 

dilution, the conductivity falls rapidly. ” 

Liquid haIogen.y halogen hydracids/ glycerol,' lH‘nw‘nc,« chloroform/ 
hydrogen peroxide, sulphur dioxide,® aluminium bromide,'** sulphuric acid," 
hydrocyanic acid, and other noii-a(|ueous srtlvonts have Imm'ii examined. Tlio 
classical researches are those of Walden,'^ wlut examined a large numlH^r of 
substances (PCla, POClj, PBr,, AsBrj, SO,, SOj. SOC’h. SOiCb. S;('Ij. HnSO<, 
SbClj, SbCIft, BCI 3 , Sic 1«, SnC'Ii, Br;,S();fOI!)('!,SO/()('IIj)-, organic solvents) 
and gives extensive references to tlie literature. 

Svedberg “ finds that the temperature coellicienf of conductivity in aniso¬ 
tropic solvents is abnormally high; a sliarp cliangc* in conductivity occurs at 


the transition point. 

Temperature Coefficient of Conductivity in Non-Aqueous Solutions: The 

conductivity of many .salts in organic solviait?' increases with lem|M*rature.'*' 
At certain concentrations and ahovij certain temiM’ratures the c<>n<luctivity 
decreases with rise of temperature, and at lower temperatures there is usually 
a maximum point.** At concentrations almut normal, and above, the oon- 


‘ Kraus, J. Am. (%m. Six-., 30. (vW. 1197, (190S). 36. HOI (191-1), 43. 749 (1921). 

* Kraus and Lucasse,./. .t»i. ('him. Sne . 43, 2.‘i29 (1921). 

* Plotnikoff, J. liuAA. Phyx. ('hnn Sin., 49, 70 (1917K l’lii(mkolT and HoktUjaii, ilitd., 
45. 193 (1913): C. 7. 211K (1913), Johnson and McItjUish. J. .■(«. ('hi-m. S<k., 31. 113H 
(1909); Mennie and Mclnlosh, Tninn. Hoy. Soc. Coniulo, 16, ni. .301 (1922), Wahleii, «eo 
lx»low. 

♦Archibald. J. Am. ('hm. Sue , 34. oN4 (1912), 29, iWut, Mitt (1907). 

‘ Guy and Jones, .Im. ('hm. J., 46, 131 (1911). 

•Allen, Konms Cntr. Set. Hull. UK».). »i*d I.nhlriiwidkT. Am. Chnii. Site., 

35. 1434 (1913); Koeniji, ihul.. 36. 9.)1 (1911), C.idx and lluldwin. dm/., 43. 04ft (1921) 
(benzene solutions of dry .silts lia\i‘ !i real i'(in<lin'ii\ a \). 

'Walden, Hull. Aaul. Sci. PiUish., 7. '.»07 (1913*. mImo CCh, X. anory. Chrm., 115, 49 
(1921) (summary of results for or«ani»- •*ol\< ii(-). 

‘Jones and Murray, Am. ('hnn. ./. 30. 20.'i (190.p (Kiilphurn- nn<i acotir arids more 
Htrou^y ionized than in wafer). 

•Walden: Dutoif and (Jyr. J. (him. /V.//.s.. 7. I-s9 (l‘»09). Frankht*. J. Phy». ('hem., 
15, 075 (1911). 

'Mzbekoff and riotnikoff, J. Husx. Phys. ( him Soc., 43. IK (1911); Z. anory. Chm., 
71, 328 (1911). 

" Kendall, Adler and IJaiid.-sm, d .1n» ('hnu.Sor ,43. 1H-Itt(1921). 

'•Kahlenberg and Schhuidt,/Vij/s. i'htm., 6. 417 (1902). 

“Ber.. 32. 2K02 (1900); X. <mory tVrn . 25. 209 (IWK)); 29.371 (1902); Klcktroehnmio 
nichtwSasriger Ldsungen, 1924. 

“Ann. Phyttk. 49, 4;i7 (191tt): Ko//. X.. 18. lOl (191tt); 20. 73 (1917), 21, 19 (1917). 

'•Partington. J. Chem. Soc. 99. 1937 (1911). Itnnhach and Weitzel, X. phyeik. Chem., 
79. 279 (1912); Walden and fVntnerzswer. ihid . 39. 513 (1902): Walden. d/iW.. 73. 257 
(1910); Kraus and Lucasse, J. .4rn, ('him. Soc . 44, 1941 (1922); An'hil»!d, J. Chim. Phyt., 
11. 741 (1913); Elsey. J. Am. Cfurn. Soc. 42, 24.M (1920); Kraus. Kleetrieally Coudueting 
Systems, pp. 154 ff.: iiumcnaw paiier** h.v H. Jones and eo*worker« in Am. Chem. J. and 
J. Am. Chem. Soc. from 1903 onwards; Muller. .ikrtM Sammlun^. 27. 279 (1923). 

'•Kraus, loc. ctt., p. 154. 
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(liictivity increases steadily with rise of temperature. At higher concentra¬ 
tions the temperature coefficients are often very high. The effects may be 

interpreted on the lines of in¬ 
creased fluidity with rise of 
temperature, giving rise to an 
increase on conductance, and 
decreasing ionization, giving 
rise to a decrease in conduc¬ 
tance. In very dilute solutions 
whore the ionization is great, 
the conductance increases with 
rise in temperature because of 
the increasing fluidity. At ccr- 
t a i n intermediate concentra¬ 
tions and above certain tem¬ 
peratures, the conductance de¬ 
creases, although at much lower 
temperatures the curve passes 
through a minimum. At high 
concentrations the temperature 
coefficient is again positive. 
Tlie curves in Fig. 22' show the 
results obtained with KI in 
methylamine at different dilu¬ 
tions. The approximate 
0 (|uality between conductance 
and fluidity temperature coeffi¬ 
cients fouml for arpieous solu¬ 
tions by Kohlrausch (sec p. oliD) 
was found also for non-aqueous 
if .\rchibald “ for the temperature 
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a* 

Acot ir ucid , ... 

4.30 

2.02 

0.571 

2.72 

Butyric acid 

4.IK 

2 .«vS 

0.817 

3.70 

Hentote acid ... 

S.S2 

O.o3 

2.38 

0.72 

in-Croml . 


— 7.71 

1.00 

+ l.ltt 

Thj’inol. 

43.0 

0.47 

* 7.34 

0.00 


' Kraus, tor. ri(.. Fig. 37, p. 104. 

• J. Chim, Phys., II, 741 (1913); cf. Fititgeralrl,./. Phyn. Chem., IC, 621 (1912): Franklin, 
ihut., 15, 676 (1911). In Hie inmieriiatO vieinity of the critieal point tho tcinperatuie- 
cooffipient curX’oa arc diseontinuon.". .liipan'ntly (he solvent vapors dissolve electroI.vte, 
Kraus, Wgs. Rn.. 18, 40, 89 (IIKM); ef, Tynu, J. Chem. S<k., 97, 021 (1910) (critical poinU 
of solutions, and solubilities above the critieal point). 
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soefficient (a) in solutions in liquid IIBr „t differont dilutions (V) show how 
varied arc the numerical values for dilToronl olcclrolytrs. 

The results have been interpreted by Kraus on tJie l>aNis of his equation 
for conductance as related to concentration (see p. With rise of temper¬ 
ature the dielectric constant of the solvent decreases, and lienee tin* mass 
action constant K also decreases. The value of ni in the equation: 

K' = //(m)" + K 


increases and H remains practically imlepomlent of the dieledric eonstaiit 
when the latter decreases.* I'lie inferprelation of tlie results, how»:ver, is 
obviously not confined to any special eipjation such as Kraus's. 

The effect of pressure on the conductivity of non-a(|ueous >olutions lia> 
been considered by Sclmiidt,^ wlu) tiivides it into three factors: 

(i) change of volume; (ii) change of vi.-eosity; (iiil change of ionization. 
The resistance at p atm. pressure is related to that at I atm. by the equation: 


log (Tplri) = .t;i - l{p\ 
where i4, B arc constants. At 20° 


.t = O.OOfilOfi + O.OO.jfilij, 


where rj - visco.sity for normal and sliglifly as.Miciate<i .siiixslances. In the 
case of strongly associated .‘j<»Uents (.atcoliols) the observed value of .1 is 
smaller; .4 also decreases witli rl.-NC of temperature. Tiie pressure coelhcient 
is usually larger for aqueous solutions. 

Viscosity and Conductivity: The ,'ame coti'-ideradons apply to non-aqueous 
as to aqueou.s solutions with respect to liie etTi'ct of \i'Cosity on the nmlioti of 
tlie ions. From the measuremoiils of coniluclivilies of soliitions of telra- 
ethylammonium iodide in various orgaiue ‘olvenls Wahhm* was led to the 
generalization that the product of the molar conductance at infinite dilution 
and the viscosity of the solvent is coiislaiil. - const. The constant is 

about 0.7, and is independent cif feniperatnri’. At first Walden considerei! 
that the constant was indepcrulent of the solvent, but this was disproved by 
Pissarjewski and Shapovalenko.* 

The empirical rule of W'alden is not of general validity,^ altliougli it is an 
approximation which holds good in many cases. Walden* tested it for a 
large number of solutions. In the eases of N(CdU)il benzyl cyanide, and 
in methyl and ethyl alcohols and acetone, the results sltowed that 

* Electrically Conducting Sys(eiii», p. I."). 

* Z. phytik. Chem., 75, 305 (liUti). 

*Z. pkytik. Chem., 55. 207. 246 (UHXi); tho relniion followg from Stoken's law, Lungo, 
.Vmow Cm., 16, ii. 173 (lt)18). 

«/. Rtut. Pku$. Chem. Soc.. 42, 005 (1910); C. A.. 6. 31S (1912); Walden, Z. amrg. 
CAcm.. 113, 85 (1920). ^ . 

‘Dutoitand Duperlhuia. J. Chm. Phyi., 6. 726 U»0H); criticiied by Walden. Z. 

Chem., 78. 257 (1912). 

« BuU. Acad. Sci. Petmb., 7. .5.i9 (1013). 
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the salts of complex kations behaved exactly like KI. It was found that if V 
is the molar volume of a large ion, the relation A.?;. llV const, holds for 
different salts of a homologous series. Fitzgerald ‘ applied Walden’s relation 
to solutions in SO], NHi and methylamine. The constant fell between 0.9 
and 1.1, and the conclusion was reached that these solvents are abnormal, but 
Walden’ showed that for binary electrolytes the constant may vary from 
0.5 to 1.0. 

Arndt ‘ found that Walden’s rule, Ai; = const., does not hold even approxi¬ 
mately for fused NaPO, and mixtures of this with BjOi, below 900”. Above 
this temperature the relation applies. 

Walden has recently shown, from a consideration of a large amount of 
experimental data,* that his rule holds for many acids and some salts in non- 
aqucous solvents, mixtures of solvents, and for aqueous solutions of salts 
yielding highly complex ions. The temperature coefficients of viscosity and 
of limiting conductance are practically identical: 

l/A«.dA,/dl = - l/i)«.(i)),/df, 

as required by the rule. It does not hold for solvents which are highly associ¬ 
ated, or whickltave a high viscosity, such as glycerol, formamide, etc.,' prob¬ 
ably because temperature and concentration changes affect the degree of 
solvation of the solute. Robertson and Acree * find the relation 

a = 

to be less accurate for alcoholic solutions of concentration below N /4 than the 
simple Arrhenius formula: a = This type of viscosity correction, in 

fact, is by no means so certain as seems to be assumed. 

H. C. Jones ’ proposed the relation Aij/j = const., where A is the equivalent 
conductance of comparable equivalent solutions and x the association factor 
of the solvent. This was shown by Creighton * to hold approximately for 
solutions of p-tolyltrimcthylammonium iodide in organic solvents. The ex¬ 
pression A„7) = const., also due to Jones, held for many of the solutions. 

Saohanov and Prsheborovski,’ as a result of experiments with solutions of 
silver nitrate in amylamine, aniline, quinoline, and other solvents, conclude 
that the maximum conductance shown by these solutions is a consequence of 
the overcompensation of the increase in dissociation of the solute by the ex- 

■ J. Phys. Chim., 16, U21 (1912). 

* Z. anorg. Ovm., HJ, 85 (1920). 

•Z. KUktmhm., 13. 809 (1907). 

* Z. artaiv. Chem., 113. 85 (1920). 

* PiBsarfewsky and Shapovalenko, J. Rum, Phys. Chem. Sac,. 42. 905 (1910); C, A., 6, 
318 (1912). 

•J. Phy,. Clum., 19. 381 (1915). 

’ Am. Chem. J., 32, 521 (1904); Jones and Bingham, UnA., 34, 481 (1905), pointed out 
that no allowance was made for possible changes in site of the ionic sphere, 

•J. Fmnklin Imt.. 187, 313 (1919). 

•J. Rum. Pkye. Chem. Sk., 47, 849 (1915); C. A., 9. 3009 (1915). 
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cessive increase in viscosity nf . i 

normality disapjtears when a viscosity'' oim-c'ih!,',' ab- 

with low dielectric constants (less than i l) the Vi s . ' "’I'enls 

.s; wia 

ductance dim.nishes un.ntcrrupte.lly aith concentration, whilst if " isc. y 
correction is applied a minimum conductance is fonn.l.' 

Dielectric Constant and Conductance: The force exerted Ix'tween two 

charged point sources depends not only on the charges, and the distance 
d apart, but also, as was shown by Faraday,= on the nature of the luclium 
separating them: 


where D i.s a constant for any particular nuMlimn, known a-^ the dii’Ii'ctric 
constant (called the specific inductin' capacity hy l-'araday). \u valuo do- 
pends on temperature. The following valuer refer to IS^ ('. 


Dim 

Liquid Hydrocyanic acid 

Water. 

Nitrobenzene .... 

Methyl alcohol 
Ethyl alcohol . 

Aminoniii ... . 

Sulphur dioxide 
PjTidinc 

Ethylene chlorule 


T.\HLE Xlll 

ITRIC CoNHrVVTH OF I.iqi lDt 

M I’lienol 

. an at'ir! 

a-t .\iiiliiK- 

. UU.l I*n»|Uoll|r' 'H-ld 

<'hloroforin 
Ilto IJli.T 

t i 'arlMiii (ii»iil|>inrji- 

lu 


10 

U.7 

'J.7 


I 


2.H 


A comparison of the.-'e num))er> with tin* ioni/ing power'* f»f the solvents 
reveals a clo-se similarity, whirli .sei'in-* hi'l to ha\e heeii p<iiiifed out hv .1. .1. 
Thomson ^and Nernst.^and is known a** llie Xern^l-ThoniMUi ruh-: the ionizing 
power of a solvent is greater the iaiKct the dudectric con'-laiit. The eijuiUion 
shows that the force between the pair of ions forming the .salt “molecule" is 
smaller the larger the dielectric constant of the medinni in which they are im¬ 
mersed, and they then fall apart more easily The Nernst-l'horn.son rule Iui.h 
been broadly confirmed by experiment.* There are <ither influences promoting 
ionization, and these appear most markedly when the dielectric constant ia 

‘ J. RiUS^Phys. Chem. .'Sor.. 47. 8o9 (lOI.'o, r. A , 9, .3009 (191:*). 

> Experimental Researches in Electrifjiy, 11th Series, pp. .30-1, 39.3. 

* Numerous other li(luid.^ Schlumlt. J. Phyn. <.'hnn., 5, l.'*7, 00.3 (1901). \\itikelmAon's 
Phj-sik, Vol. IV, 1905, pp. 135 ff.; alnu Ctriieu, Klcktriziiiit uiid Moanotii'nius. Vol. I, 
1918, pp. 157 ff.; Mailer, Ahrens Samtnhiuy, 27, 213, 2H5 (1923), 

< Phil Mag., 36, 320 (189.3). 

»Z. phynik. Chem.. 13, 531 (1894). 

*Schlundtand Palmer J. Phyn. Chem., 15, 381 (1911); .Sachanov and PmhctxjrovBki, 
Z. Elfklrochem., 20, 39 (1914); Joachim, Jmh. Phytfk, 60, 570 (1019). 
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finitll; the chemical character of the solvent is then most important* The 
dielectric constants of halogen hydrides (HBr, HI) are abnormally jow, yet 
these solvents give solutions of high conductance with certain organic acids 
and alcohols.’ 

Th« methodv Uicd in the determination of dielectric constants are: 

(1) Condenser method, in which the capacity of a condenser is measured first with air 
as the dielectric and then with the liquid.* The dielectric constant of air may be taken 
as unity. 

(2) Stationary wave method, in which * the lengths of stationary electromagnetic waves 
set up in the medium and in air arc measured, the length being inversely proportionid to 

The dielectric conHtuntn of many solvents have been measured by Walden,‘ 
who has also calculated the value for dissolved salts.^ Formulse have been 
proposed for the dielectric constants of solutions, e.g., by Silberstein:' 

/) - {ViD, + VMliVx + Vi), 

the mixture rule, and by Bouty: ® 

D « {M,D, + + Mi), 

with masses instead of volumes. 

The molar conductance of many solutions in solvents of small dielectric 
constant decreases with dilution. Solvents of high dielectric constant often 
show a negative viscosity effect, i.e., the viscosity of solutions decreases with 
increasing concentration.’ 

Dobrosserdoffhas found that Obach's relation:” L = aD, where L 

• Sachanoff, J. Ru»», Phys. Chem. Sac., 42, 1303 (1910): C. A., 6. 179 (1912); 43, S26 
(1911); C.d.,0,179 (1912); Z. phy$ik.Chem.,6(i, 13,20(1912); cf. PlotnikofT and Rokotjan. 
i6vd.. 45. 193 (1913); C. A., 7, 2148 (1913); ibid., 47, 723 (1915); C. A.. 8. 2475 (1914). 

•Schaefer and Sohlundt, J. Phyt. Chem., 13, 069 (1909). 

* Nenwt, Z. phytik. Chem., 14, 022 (1894); Tunier, ibtd., 35, 385 (1900); Tangl, dnn. 
Pkyiik, 23, 559 (1907); Joachim, ibid., 60. 570 (1919); for d^riptioos of all methods see 
Nernet, Theoretische Chemie, t^lO Aufl., p. 367; Kohlrausoh, Praktische Physik, 11 Aufi., 
pp. 610 fT.; Arndt, Physikal-Chem. Technik, 1915, pp. Oil fT-; Oraets, loe. cit.; Winkeimano, 
foe. eU. Other methods: Hertwig, Ann. Phytik, 42, 1090 (1913); Jackson. Phil. Mad., 43. 
481 (1922); King and Patrick. J. Am. Chem. Soe., 43, 1835 (1921); Silow’s electrometer 
method, Cohn and Arons, Ann. Phytik, 33, 13 (1888). The two methods meatiooed in the 
text have been used with success by the writer. 

< Drude, Z. phytik. Chem., 23. 267 (1897); 40. 635 (1902). 

* Z, phytik, Chem,, 70, 509 (1910); Schaefer andSchlundt, J. Ph|/s. Chem., 13, 008 (1909); 
16, 253 (1912); Schlundt and Underwood, ibid., 19, 338 (1916); Cauwood and Turner, 
J, Chem. Soc., 107, 276 (1915); Rati, Z. phytik. Chem., 19, 94 (1890); Schlundt. foe. ctf. 

•Bull. Atad. Set. Petenb., 6, 305. 1055 (1912). 

’Ann. Physik, 56, 601 (1805). 

• Compt. rend., 114, 1421 (1892); Philip. Z. phytik. Chem,, 24, 18 (1897). Dobroaerdoff, 
J. Butt. Phyt. Chtm. Soc., 44, 396, 679 (1912); C. A.. 6, 1504*. 2350 (1912), finds that the 
formulae are not satisfactory; cf. Pftrth, Ann. Physik, 70, 63 (1923), who found, for instance, 
that the constant for a crystalline st^ute cannot be found from the mixture rule. 

’ Sachanov and Prshelxirovski, Z. EUktrochem., 20. 39 (1914); Kratu and Bray, J. Am. 
Chtm. Soe., 38. 1316 (1913). 

Bum. Phyt. Chem. Soc., 41. 1385 (1909); C. A.. 5. 607 (1911). 

** Cf. Grimm and Patrick. J. Am. Chem. Soe., 45. 2794 (1923). 
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■> latent beat of evaporation and a is a constant in a given homologous series 
(39,5 for aliphatic acids; 25.5 for amines; 31 for aromatic hydrocarbons; 14.2 
for all esters; 6.5 for alcohols, nitriles,* ketones and alkyl halides), is of fairly 
wide applicability. Thwing's relation: 

/>«d(a,k, + a,A-,+ 

where d density, M « molar weight, Oi, oj, » number of atoms, ku 
ktt • • • = dielectric constants of separate atoms, does not hold generally. 
Lang’s relation: 

D “ 121.I0-‘S + 1, 

where S - sum of valencies of atoms, holds only for .six ga.sea. The same 
author has reached the following general conclusions us to the dielectric con¬ 
stant: * (1) It is a constitutive property, (2) In homologous series it decreases 
with increasing molecular weight.* (3) I^jirge differences in D are produced 
by multivalent elements, e.g., nitrogen. (4) The effect on 0 produced by tlie 
entry of any one radical into a compound varies with the comt>otind. (5) 
Change from a saturated to an unsaturated compound is ncc<impaiued by 
increa.so in /). (6) D increases with the symmetry of the compound, e.g., 
ring closure increases D. (7) Isomeric compounds have different D\. 

Rise in temperature diminishes D in the case of liquids and gases, but 
increases it in the case of solids. According to Thomson * the change in i) 
for liquids and gases is inversely proportional to the absolute temperature. 
The dielectric constants at the critical temperature are very small.* 

Fleming and Dewar * measured the dielectric constants of several liquids at 
low temperatures; t!»e constant for tlie solidified substance appears to decrease 
OA the temperature falls. 

The effect of pressure for liquids is given by the empirical formula: • 

D,(l + .4p + R;;*), 

in whicii A is positive and B negative. 



MeOH 

Eton j 

MoiCO 

EttO 

C8, 


Z) at 15® C.i 

34.0 

2.5.S 

21.8.5 

4.25 i 

2.67 

7.51 

Z) at - 185® C. 1 

3.13 

3.1J 1 

2.12 

1 

.... 1 

2.24 

.1 

2.02 


The figures for icc are: 


(®C. * , 

- 206 

- 182 

- 175 


- 136 

- Ill 

-n.7j 

- 49.0 

- 7.5 

D, 

2.43 

2.42 

2.4.3 


.5.02 

10.8 

37.3 

57.2 

70,8 


> CT. ScbluDdt, /. Phyt. Chem,. 5, 603 (1901). 

»/. Rim. Phyt. Chem. Soc., 43. 73 (1911); cf. C. A.. 5. 3362 (1911). 

*Pha. Mag., 27. 754 (1914). 

* Everabeim, Ann. Phytik, 8 . 539 (1902); 13. 492 (1004). 

^Proc. Roy. Soc., 61. 299. 316, 358. 368 (1897). 

*Ortway. Ann. Phytik, 36, 1 (1911); ether, benxeoe, tedueoe, xyteoe, C8t, castor oil. etc. 
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Walden ’ has put forward the rule: 

(!-«) = const. approximately, 

where c is the concentration, or Dv'” = const, at a given temperature, for 
different solvents, where v is the dilution at which the solution.s of a given 
electrolyte have the same ionization. This is in agreement with Ghosh’s 
theory (see p. .564), but the values of the “constant” vary by as much as 23 per 
cent,' and Walden’s rule cannot hold generally. 

If K i.s the constant of the Ostwahl dilution law at infinite dilution K 
= (0.00.54/))’, or generally, K = const. /)’. It follows that similar formulse 
hold for polymerizing solvents.’ 

The influence of small quantities of salts on the dielectric constants of 
solvents has been studied by many experimenters, with most divergent re¬ 
sults.’ Walden considers that dissolved salts cau.se a large increase in the 
value of D, and is inclined to explain the abnormalities of strong electrolytes 
by the increase in the ionizing power of the solvent. Lattey found exactly 
the opposite result, D being lowered. 

Maxwell ’ deduced the relation n -• f)’^’, where n = refractive index, from 
the electromagnetic theory of light. This is in agreement with experiment in 
some cases, but the divergencies are enormous in the case of water and alcohol. 
The divergencies are attributed to the difference in the frequencies in the light 
waves and those used in finding the value.s of D. For very long waves, n has 
the required value for water. 

Clausius and Mosotti ’ deduced the relation: 


(D — 1)1(0 -b 2)<i = const., 

where d is the density. Walden • finds that the constant varies with temper¬ 
ature, sometimes increasing and sometimes decreasing with rise of temperature. 
He proposes the empirical relations: 


0 - 1 
0 - 1-2 


El 

d T. 


= const. - 3.6, 


where T, is the absolute boiling point, and <r is the surface tensioij, and 

MD = o.isr,. 


These do not hold for associated liquids. 

' Partington. Tram. Farad. Sac., 15,113 (1919); Kraus, Electrically Conducting Systems, 
p. 97; Turner and Bissett, J. Cham. Sac., 105, 947 (1914), 

'Vfolden, Z. phlfiiik. Chtm., 94, 263, 295, 374 (1920); 54, 129 (1906); 70, 569 (1910). 
■ Cohn, Ann. Phytik, 45, 370 (1892); Nemst, Z. phytik. Chtfn.. 14, 622 (1894); Drude. 
ibid.. 33, 267 (1897); Sniale, dnn. Physik, 61. 625 (1897); Palmer, Pkyt. Ret.. 14, 38 (1902); 
Walden, Bull. Acad. Sei. PrlerAi.. 6, 305, 1055 (1912); Lattey, Phil. May., 41, 829 (1921). 

* Electricity and Magnetism, Oxford. 1892. Vol. II, pp. 434 ff. 

* Mecbanische Warmethoorie (Clausius), 1876, Vol. 2, p. 94, Cf. Pagliani, dec. det 
Uncei, 2, 48 (1893). 

>Z. p'ysik. Chem., 70. 509 (1910). 
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Solvents with considerable ionising power have a strong tendency to 
associate in the liquid state; ^ tliis agrees with tiic observation of Kohlrausch 
that pure liquids do not conduct at ordinary temperature to any appreciable 
extent. The degree of association of a binary solute in a non-aqueous solvent 
depends on the dielectric constant, increasing with falling dielectric constant.* 
Walden concludes that highly associated binary electrolytes may pass through 
all stages of molecular complexity, fnmi simple i«»ns to highly complex moleculw, 
in suitable solvents. Sodium chloride in benzene is colloidal. 

The Nature of Non-Aqueous Solutions: .\fter the successful application of 
Arrhenius’ theory of electrolytic dissociati«m to aqueous .-solutions it seemed 
obvious that the results obtained with iither solvents should Im* capable of 
interpretation in a similar way. With the progre.-is of investigation, however, 
serious difficulties were encountered. In some c.ases the molar*conductance 
diminishes with incren.'^ing <lilution, inslojid of increasing to a limit as it should 
on the theory of ionization. In tiie early days of the ionic thettry the assump¬ 
tion was made that all reactions are imiic, and (he curious arrest of many 
reactions in carefully dried systems lent sttme supptiri to this sw(*eping gener¬ 
alization. Careful experiments showed * that reactions can take place in mm- 
aqueouK solutions whicli show no trace <*f c<inductanee. On the otlior hand, 
earlier experiments of tliis type,' brought up as evidence against the ionic 
theory, have been .shown ‘ to U* incnrrt'ct; .solutions of copper salts in dry 
benzene have a definite conductance. 

Other exiwrimenters * report tliat a limiting molar conductance is not 
reached at high dilution, wliereas Uoberts(m and Acree,^ and Dliar and Ulmtta- 
charyya * obtained definite limiting conductances. 

Tlie questhm )*f the calculation (*f ionization from conductance 1ms also 
received diffcTcnt answers. Kraus and Hray * con.sidcT that the ratio of molar 
to limiting conductance measures the ionization up to 1 n. when corrections 
for viscosity are applied. On the other hand, Snethlage'" considers that solu¬ 
tions in ethyl and methyl alctihols may be divided into two groujis; (1) strong 
electrolytes, such as HCI and salts, tlie properties of solutions of which are 


•NVmst, Z. pkystk. Chem.. 14. 022 (Ihlltj, Duloil ueid .A«ton. ('omiH. mui.. 125. 240 
(1897); Kohlrausch, Ann. Phynik, 159. 270 (IKT.’O. 

* Meldiym and T.irncr, J. Vhrm. ,SW.. 93. S70 97. um. (1910); Walden, 

KolUMZ., 27, 97 (1920). 

•Folmand Oiindprs. y. .Im. CVr/i. .SW, 34. 774 (1912). 

^KahJeuberg. J. Phyf<. Chrm.. 5. m (li«)l). 6. I (1902); rf. Hughes. Phxl. Mag.. 35. 
533 (1893); SamniU. J. Phys. ('hem., 10. 59.'1 (IIM)6): OaUw. 15. 97 (1911). 

»Cady and Liohtenwalter. J. Am. rium. Hoc.. 35. 14.34 (1013). 

•Shaw. y. Phya. Ckem., 17. 162 (1913); <t Ploinikoff. J. Ru»t. Phyt. Chem. S<k., 42, 


1689 (1910). 

’ EiofUh Iniernat. Congretg Apid. Ckem., 26. 609 (1912). 

•Z.anorp. Chem., 82. 357 (1913). cl PartiimOni, 7. Chrm. Soc.. 99. 19.37 (1911) (HCI iii 
ethyl alcohol has a limiting conduefanee when moisture is excluded). 

*J. Am. Chem. Soc.. 35. 1315 (1913); see the a<lmirahlc dittcussion of the proWem m 

Kraua. Electrically Onducting S> stems. 1922. 

jAyaik. Ckcm., 90. I (1915); Sncthlage’s hypothesis has l>een subjected to aevere 

criticism by Dhar, Tra*u. FaroA. Soc., 15, 81 (1919). 
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functions of the total concentration of electrolyte; (2) most organic bases and 
acids, which do not show this proportionality. For the first class, the ioniza¬ 
tion, it is stated, cannot be measured by the ratio of the conductances, but 
this ratio expresses the ratio of active to inactive molecules. The “activation” 
of a molecule is explained by the introduction of an electron into it, rendering 
it bipolar, but no division into free ions takes place. Snethlage’s view does 
not seem to afford much assistance in the study of solutions. It may also be 
noted that the interpretation of ionization phenomena from results in chemical 
kinetics (velocity of reaction) is a matter of great delicacy, and that conclusions 
drawn in this field must be accepted with some caution. 

Walden' found that the value of a = A/A« (A, obtained by extrapolation) 
is the same (0.666) for saturated solutions of NMeJ, NEtJ, and NPrJ in 
different solvents. 

The question of the applicability of the law of mass action to non-aqueous 
solutions has been fairly exhaustively studied.* In some cases the Ostwald 
dilution law is followed. Thus, solutions of ammonium formate in anhydrous 
formic acid obey the law in concentrated solutions; • fairly concentrated solu¬ 
tions of rosaniline hydrochloride in ethyl and methyl alcohols follow the law,* 
although aqueous solutions do not. In other cases the Rudolphi dilution law 
(p. 660) can be applied.* The equation of Kraus and Bray (see p. 529) has been 
applied to non-aqueous solutions with some success. In many solutions in 
ammonia the law of ma.ss action holds good, and the smaller the ionization of 
an electrolyte the higher is the total concentration up to which the law of mass 
action applies.* This, it may be noted, is in agreement with the theory pro¬ 
posed by the writer * that the deviations from the law of mass action are due 
to free ions. Kraus and Bray found that the limiting concentration of the 
ions of strong electrolytes up to which the mass law held was approximately 
the same for solutions of a given electrolyte in different solvents, and for 
different electrolytes (strong and weak) in the same solvent. This again 
points to the ions as the disturbing cause. 

The effect of the dielectric constant on the constants of the Kraus and 
Bray equation appears to be fairly regular. The equation has been tested 
in a number of cases,' and found to be satisfactory. The existence of a 

‘ BvU. Acad. Set. Petenb., 7. 427 (1913). 

■See the summary by Kraus, Eleetrioally Conduoting Systems, also Walden, Nicht- 
whssriger LCsuugen, 1924. 

■Sehlesinger and Calvert, J. Am. Chem. Soc.. 33,1924 (1911). 

*H. S. Davis, Trans..Aota Scotia Inst. Set.. 13, 40 (1912); cl. Robertson and Acree, 
J. Ptm. Cbm., 19, 381 (iblS); Neale, Trans. Farad. Soc., 17, SOS (1922); Jones and Mahin, 
Z. pbusib. Cbm., 09, 389 (1909); Schleeiuger and Reed, J, Am. Cbm. Soc., 41, 1921 (1919); 
Schleeinger and Martin, i(^., 30,1589 (1914). 

* Roshdestwensky and Lewis, J. Cbm. Soc., 99, 2138 (1911). . 

* Kraus and Bray, J. Am. Cbm. Soc., 35,1315 (1913). 

* Partington. J. Cbm, Soc., 97, 1158 (1910), 

■Keyes and WinninghofT, J. Am. Cbm. See., 38, 1178 (1916); Darby, Aid., 40, 347 
(1918); Kraus and Kurti, t6td., 44,2403 (1922); Kraus, Eleetrioally Conducting Systems, 
1922, pp. 07 S. 
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to £5'“““ ■“■‘y ‘hemfore 

i« *' *'’* heat of ionUation of a salt has the soma value 

‘his has been contradicted by Dutoit and Aston.* 
Afferent heats of ionisation would imply interaction with solvent. 

Calculations of the diameters of ions in non-aqueous solvents have been 
made by W alden» on the basis of the Stokes-Kinstein equation (p. 552) For 
most ions the radii lie between 2.0 X lO'* cm. and 3.9 X 10-* cm., although 
tnat of the H- ion is much smaller, 1.1 x 10 -* cm.,< and that of the Li’ ion 
much larger, 4.70 X 10'* cm. The ionic radii in non-aqueous solutions follow 
the same order as in aqueous solutions: H* < K’ < Ag' < Na' < Li’ and 
Br < r < O' < N(V. The ionic and atomic radii are practically the same, 
except for H and Li', in the case of aqueous solutions, but in non-aqueous 
solutions the ionic radii are about twice us great. With organic anions and 
kations the radii are about the same in water and other solvents, the mean 
value being about 4.4 X lO'* cm. 


Walden * has put forward a rule by means of w'hich the ionization of a salt 
in any solvent may to calculated from the dielectric constant /) and viscosity 
U of the latter. This is a combination of he Ostwald-Kredig rule, and the 
relation 


.5. = A, + 6,/a" “ 

put forward by Lorenz.* These were combined with the relation 
K = d.Oij.a"« 

found by Walden, in which d. is given by the Ostwnlil-Bredig rule: A. - A. 
-f- df Thence; 


(1 -a)D.r"»= 51,4/A.,. 

or, since A.,„ is constant for many solutions (p. .591), it follows that: 
(1 — a)D.v° “ = const., 


or, for the same solvent, 


(1 - a)a“ “ = const, 

' Z. pkyii'k. Chm., 59. 192 (1907). 

Chim. Pky$., i, 699 (1908); Walden, Z. yhytik. Chem., 78 . 2*7 (1912), nuintaliu 
hia position. 

• 2. amrg. Chem., 113, 12* (1920). 

' This is in a«roement with the theory ot Lapworth, ace Lapworth and FiUjotald, J. 
Chem. Soc., 93, 2167 (1908); Lapworth and Partington, J. Chem. Soc., 97. 19 (1910). 

■ Z. anorg. Chem., 115, 49 (1921). 

•Z. onorp. Chem., 108, 81, 191 (1919). 



600 


A TREATISE ON PHYSICAL CHEMISTRY 


Thus, if the value of is known for a salt in any one solvent, the value of 
a in any other solvent at a given dilution may be calculated.' 

Solvation:' The solvation hypothesis of Kohlrausch (p. 553) * has been 
extended to non-aqueous solutions.* Snethlage ‘ considers that a large value 
of A« indicates large solvation. Jones, Davis and Putnam • found that salts 
hydrated in aqueous solutions show evidence of solvation in formamide. The 
temperature coefficient of conductance is abnormally large when solvation is 
present. The temperature coefficient of conductance of sodium salts in ethyl 
alcohol is equal to the temperature coefficient of fluidity' between 0° and 30°, 
in agreement with Kohlrausch’s theory. 

Serkoff' pointed out that a compound such as lithium nitrate, the Li ion 
of which shows strong solvation, should exhibit a maximum conductance in 
mixtures of acetone and an alcohol, whilst potassium iodide should show no 
maximum. The salts KI, Nal and Lil showed no maximum, whilst LiCl did. 

An attempt to calculate solvation has been made by Walden,* who found 
that 


A«u«/’'^Af = const. = 11.15 (approx.) 

held for many binary salts, mainly iodides, in a number of non-aqueous solvents 
(M = molar weight). If these salts are regarded as normal, the degree of 
solvation of other salts can be calculated in a manner similar to that used by 
Ramsay for associated liquids, and with similar uncertainty. An equation 
deduced by Herzogmay be used for the same purpose: 

A«u«i'''* = const., 

where v = molar volume of salt. It give.s practically the same results as 
Walden’s. 

Transport Numbers in Non-Aqueous Solutions: The metliod of determin¬ 
ing transport numbers is essentially the same for non-aqueous as for aqueous 
solutions. The resistance is usually greater, so that there is greater danger of 
heating an<l convection, and it has also been found" that the middle portion 
of the solution, which should remain unchanged in composition, is usually 

> Relation l)Otwccn ttolvont power ami ioniziiiR power: Walden, Z. Elcktrochem., 27, 
84 (1921). Snehanov, J. Huas. Phya. Ckrm. Soc., 47. 849, 859 (1915), considers that the 
ionisation of a salt tends to a definite limit as the concentration increases. 

*Cf. Muller, AhreTi».Satnmlung, 27, 292 (1923). 

*Proc. Hoy. Soc., 71, 338 (1903) 

* Jones and Carroll, Am. Chem. J., 32, 621 (1904); Jones, ihtd., 41, 19 (1909). 

*2r. phyaik. Vhem., 90, 1 (1915). 

* J. Frankhn Inat., 180. 667 (1915). 

* RhaUacharj ya and Dhar. Proc. K. Akad. IVcfoiscA. 18, 373 (1915). 

•/. Phya. Chem. Soc., 42. 1 (1910); Chem. Soe. Aha., 1910, 98, (ii). 177. 

* Z. Elcktrochem., 26. 65 (1920): cf. Creighton. J. Franklin Inet., 189, 641 (1920). 

» jj. Elektrochan., 16. 1003 (1910), 

Cf. Sehlundt, Getman and Gibbons (refs, below). 
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situated near one of the electrodes, e.g., in the ease of pyridine and acetonitrile 
solutions of silver nitrate, near the anode.' 

The followinn table aives the transport numl>ers of the kaliim in solutions 
of silver nitrate nccordini; to the measurements of .Schlundt,’ Mather* and 
Csmpetti.* 

TADLK XIV 


XBANSPOaT XrMBEBS OP KaTIO.V IN' ,Sn.VEB NiTBATE .toLlITIONA 



Solvput 



Ynlumo in liters i>er mol. AgNOj 


t 

D 

1 

0.42 

I 

2 

! 4 

10 

Id 

3.'i 1 

40 


Water ... 

HI 

0 .'>.'12 

.m 

AKi 

.473 




.475 

18“ 

.\cctonitrile 

ar>.8 

_ 

.3K1 1 

-- 1 

.422 

.448 

_ ; 

.473 ' 



Methvl alrohitl 

33 

- 

— 




.533 



20“ 

Ethvl alcohol 

20 1 

— 

-- 



.4(1.'^ 

.4tK) 



22“ 

Pyridine 

12.-I 



.'142 

- 




.410 


Sachnnov and Grinbaum' ii.seil aniline (/) = tl.S.'i) and mixtures of aniline 
and pyridine (D = 8.0 and 9.7) with silver nitrate The transport number of 
silver diminished with increasing concentration for .ArNOi in pyridine, aceto¬ 
nitrile, and the mixtures of aniline and pyridine, and for a Riven conecntraliou 
was smaller the smaller was I). In aniline, the transport number increased 
with dilution, which may be connected with the formation of complex anions, 
of the ty|ie .\r(NO,)/, and also complex kations. Krumreich ' determined the 
transport numbers of ArN'Oi (0.01 a.) in mixtures of alcidiol and water, by 
the direct method. The value of the transport nuiniKT of the kation increased 
with the alcohol content up to about .'iO per cent alcohol, and then decreased 
(at 40° C. with water, 0.4820; with 90.8 per cent alcohol, 0.4100). No secondary 
effects were noted, whereas Carrara' states that these occur. 

Kruger" concluded, on theoretical Rrounds, that the transport nuinlxirs of a 
given pair of ions should lend to the same value in all non-associnted solvents. 

1 Mclhmis el ilcterminalKia. see. e.x . Ilillorf. Am. PliyM. ICC. .Ml (IKW); CBnusilli. 
iVuow Cm.. 35. 223 (ls!>4); .Miitlier. .Iia Chtm. J . 26. 474 (HSU). .'Mtilumh, J. Phyn. 
€6em 6 150(1902); (IcOiiiui iiinl tlihlsms, 9 . 4 m. Cle-m. .Sw . 36. KMO (1914): Waclmnev 
and Grinlsiuin. J. K,m. I’hy,. Chm. .NV , 47. 17(111 (1915) -.C.A.. 10, 2K22 (1919). Knirmeidi, 
/ Eltklrockem 22 44B (191B), I-'rve! (Old Telle<'»ke. Fnluehrijl Unit. Lcmtyry. 1, 1 (1012); 
ciiem. .s-oc. .4Wr.. ii, :l»U (lOl.'l), .Sa. Iianev. J I’hyt. Chi-m . 21. 109 (1917). SidilMiiiaer and 
BunlinR, J. .Am. CImm. .Soc.. 41. 19.')4 (1919), Franklin and Cady. Ami.. 26. 499 (1904); 
Campplli. Jokrb. EMIrxkem.. 1, 22 (1K9.5). I,apw..rtli and I'artinalon, J. Clmm. .Sor.. 99, 
1417 (1911)1 See also MUllcr. .lArsaa Samtnluny. 27. 2M) (1924). 

>y. Phyt. Chem.. 6, 150 (1902). 

• Loc. cil 

• Voc. cH. 

•2. »(«». Phyi. Chrm. &«•.. 47. 1709 (1915). C. .1.. 10, 2822 (1010). 

• Z. BMIrnchrm.. 22 . 440 (1910). 

'Coza. 33. 241 (1904): for rnticisni ol Carrara's refajlta ace Lapworth and PartinRton, 
J. CArm.&c.. 99. 1417 (1911). 

•Z. Elckirxhm., 22, 445 (1910). 
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In associated solvents, and when solvation occurs, the values differ. He 
remarks that in dilute solutions the transport numbers of silver nitrate are 
practically independent of the nature of the solvent.* Krilger believes that 
the effect of the solvent may be covered, in the simple case, by its viscosity: 
uti = Cl and vii °° ci, where u and v are the mobilities and Ci, Cs are constants. 

The assumption that ions with large transport numbers are those common 
to solute and solvent * is probably true only in exceptional cases.* 

Lapworth and Partington* determined the transport number of the Cl' 
ion in alcoholic hydrochloric acid solution by measuring the electrode 
potentials of mercury and silver, the formula on p. 554 being applied. 
The value 0.37 at 26° C. was found, compared with 0.16 for aqueous solutions 
at the same temperature. The experiments of Lapworth and Hardman * con¬ 
firm this value. The transport numbers of most ions, but not H', have the 
same value in alcohol as in water.* 

Conductance in Mixed Solvents: Many measurements of conductance have 
been made ’ in mixed solvents, but the results are not easy to interpret. Several 
measurements with mixtures of water and alcohol are available.* The con¬ 
ductance of such solutions is lower than that in pure alcohol, and in some coses 
the conductivity curve exhibits a minimum for a certain mixture which corre¬ 
sponds with the maximum viscosity. 

In mixed solvents containing acetone • the relations are complex. 

Goldschmidt (loc. cil.) found that addition of water to alcoholic hydrogen 
chloride, lithium chloride, sodium cliloride, etc., depressed rapidly at first, 

iSachsnov, /. Phi/t. Chm., 21, 160 (1917). 

* Pryc» and Tollocsko, Fesischri/t Univ. Lemberg, I, 1 (1912): Chem. Soc. Abetr., ii, 380 
(1913). 

■WfUden, Z. EUkirochem., 26. 72 (1020). 

Cfc«m. Soc., 99. 1417(1911). 

Chom. Soc.. 99. 2242 (1911); 101, 2249 (1912). 

* Cf. Newbery, J. Chem. Soc., 107, 1520 (1915), where other references are given. 

’ See Jones and eo-workers in Am. Chem. J. from 1900 onwards; Carnegie Inst. Reports, 
No. 80 (1907), No. 180 (1913), No. 230 (1916). 

^Zelinski and Krapiwin. Z. phusik. Chem., 21, 35 (1896); Serkoff, J. Russ. Phys. Chem. 
Soc., 40, 399 (1908): 41. 1 (1909); 4. 1921 (1910); Hftgglund. Arkiv. Kern. Min. Geol., 4 , 
No. 11. 1 (1911): Goldschmidt and oo-workers, Z. physik. Chem., 89. 129 (1915); 91, 46 
(1916); Z. Elektrochem., 19. 226 (1913); 20. 473 (1914); 22. 11 (1916); Jones, Wightman. 
Davis and Holmes, J. Chim. Phys., 12, 385 (1914); Kremann and Brassert, Monatsh., 31, 
195 (1910): Kxeider and Jones, Am. Chem. J., 45, 282 (1911); Dorochevski and Dvorshont* 
sebik, J. Russ. Phys. Chm. Soc., 46, 1676 (1914); C. A., 9, 2173 (1915), who tested dUutioo 
formule of Lent, 399 (1887), Arrhenius, Z. physik. Chm., 9, 487 (1892), and Wako- 

man, t6idl., 11, 40 (1803), and found the oquation A «■ A — a/\» to apply within narrow 
limita; Jones and Lindsay, Am. Chem. J., 28. 320 (1902). 

* Serkoff, loc. eft.,* Fiaohler, Z. Elektrochm., 19, 126 (1913) f Jones and Mahin, Am. 
Chm. J., 41, 433 (1900); Z. physik. Chm., 69, 389 (1909); Davis, Hughes and Jones, Z. 
pkpnk. CAem., 85,513 (1913). Solutions containing glycerol: Pissariewski and Shapovalenko, 
J. Russ. Phys. Chm. Soc., 42,905 (1010); C. A., 6, 318 (1912); Guy and Jones, Am. Chm. J., 
46, 131 (1911): Davis, Putnam and Jones, Z. physik. Chm., 90, 481 (1916). Formamide 
and alcohol: Davis and Johnwn, Carnegie Inst. PiA., 260, 71 (1918). Pyridine and water; 
Gho^, J. Chm. Soc., 117, 1390 (1920). 
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then more slowly as more water was added, until the water was present In 3ii 
eoncentration, when the conductance increased on further addition. All acids 
which are slightly ioniied in alcohol are affected in this way on addition of 
water. 

The results of all investigators show that the effeotn)f changing viscosity 
on mixing solvents is important in affecting the conductance, but no general 
conclusions can, apparently, be drawn. In acetone solutions, for example, 
no parallelism exists between conductance and viscosity curves,* whilst in 
solutions containing glycerol a marked parallelism was found.* In some 
cases, when the added non-electrolyte forms a stable complex with one of the 
ions, there is a decrease in viscosity.* Wlten combination ceases, there may 
then be an increase in viscosity on further addition of non-electrolyte.* 

> Serkoff, loe. cit. 

* Guy and Jones, loc. cil. 

* Blanchard) J- Am. Chtm. Soc., 26, 1315 (UftM). 

«Kraus, Electrically fonductiiig Sy»(cim. p. 119. who concliidisi that ihe con¬ 

ductance change is more nenrly i)roi)(>rtinnal to the fluidily clmngo the stnnller the moleculoa 
of the added non-electrolyte. 
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at. 354. 

Consolute Temperatures. Lower. 402-404. 
405, 415. 

Upper. 398-402, 405. 

Constancy of Axial Ratios, Law of. 148. 
Constancy of Interfacial Alides. law of, 148. 
“Constant Flux” of Aloma, 1322. 

Constanta, Radiation. 1028. 

Constant Heat Bunnuation, Law of; 190,192, 
193. 

Constant Temperature by Eutectics. 410. 
Const itution and Reaction Velitcity, 928,929. 
ConUct Potentials. 702. 703. 704. 

Contact SiiJphuric Acid Process, Equilibria in, 
325. 

('untinuity of Gaseous and Liquid States, 

112 . 

Continuous How ('alorimeter, 190. 
t'ontraction of l>c|MMute<l Metals, 811. 
C'untrol of IteactionH. Klectroinetrlc, 866-863. 
Conventional Choinical ('onstants, 4tl6, 
1137, 1160. 

Cooling Curves and Nature of Solid Phssns, 
431. 432. 

Copper Atom, 11261127. 

Cupper SulpliAUvWater, Pluwc Rdatiunshipi. 
434-1.36. 

C*orrcsiK)nding Preomiros. 116. 117. 119, i2t). 
Temi)oraluro8. 110. 117, 119, 120. 

Volumes, 116, 117, 119. 

States. Fkiuation of, 116. 117, 119, 196. 
tVittrell Hniling Point Appiirntus, 268. 
Coiilometcr, Iodine, 472, 473. 

Silver, 470-472. 

Covalence and Valence, 1073. 

Critical Increment of Energj', 902-904.1271. 
('nlical Phenomena and Phono Rule, 373. 

in Gomw. 107. 108, 112.378. 

Critical Potentials and Spectral Fre(|ueany, 
1103. 

Critical Presstirc, 108, 112, 378. 

Critical Solution Temperature, 400. 

CriUcjJ Temperature, 107,108.110,112.378. 
Critical Volume. 112, 115. 

Cryohj’drates. 410, 412. 

Crj'stallme State, 147. 

Crystallography, 148, 149. 

Crystal Faces, Velocity of Growth of, 9S0, 
951. 

Crystal Form. 148. 

Growth and Lattice Structure, 948. 
Growth from Vapors, 977-978. 

Lattices, 148, 150. 

Lattice Analysis of GammarRayi, 151, 
1327. 

Structure. 149-168. 



24 


SUBJECT INDEX 


Structure, Calcite Arrangement, 162. 
Structure from Chemical Standpoint, 164- 
166. 

Structure and Heat Capacity, 1155, 1156. 
Structure of Compounds, 163, 164. 
Structure, Cubic System, 156-169, 160, 
161. 

Structure of Diamond and Graphite, 164, 
166. 

Structure of Elements, 163, 164. 

Structure, Hexagonal System, 161,162. 
Structure and Interatomic Distances, 169, 
162, 163. 

Structure and X-Ray Analyas, 161-166. 
Structure of Organic Compounds, 166,166. 
Crystal Systems, 149. 

Crystals, Infra Red Absorption of, 1268, 
1269. 

Classification of, 149. 

Crystals, Lattice Energy of, 226. 

Liquid, 132, 133, 176-177, .376, 394, 395. 
X-Ray Photographs of, 161. 
Cryst^lisation, Fractional. 433. 
from Melts, 948-951. 

Linear Velocity of, 948-950. 

Spontaneous, 951, 952. 

Velocity of, 947-952. 

Cubiod Atom, 1058. 

Cubic System of Crystal Structure, 166-159, 
160. 

Cumulative Ionisation, 1110. 

Current, Absolute Measurement of, 473-476. 
Ciurent Balance, 473-476. 

Current Density. 806. 

Current, Determination of, 472. 

Current Detectors in Conductivity Work, 
619. 

Current, Electromagnetic Unit of, 473. 
Curio, Definition, 1339. 

Cyclic Processes, 61. 


D. 


Dalton’s Law, of Partial Pressures, 104, 105, 
234. 

of Solubilities of Gas Mixtures. 245. 
Daniell Cell. 477. 705. 

Deacon Chlorine Process, Equilibria, 322, 


Debye's. Heat CapacitV Equation, 1151- 
1153. 


and HUckel’s Theory, 748, 760-765. 

Low Temperature Heat Capacity Relation¬ 
ship. 1152. 

Theory of Solution of Electrolytes, 280, 


Decomposition, of Formic Acid, Catalytic, 
965. 

of Hydrogen Iodide, Equilibria, 322. 
of Osone, Catalytic; 1237. 
of Solids, Mechanism, 981. 982. 


of Tertiary Alcohols, Equilibria, 336, 337. 
Decomposition Potentials, 806, 808. 
Degeneration of Gases, 1196-1201. 

Degree of Dfasociation, “Corrected,” 758. 
Degree of Freedom, of Gas Molecule, 84-87. 
in Phase Rule, 372-373. 
in Statistical Mechanics, 1169, 1170. 
Density of Ice, 189, 190. 

Deposits. Nature of Metallic, 811. 

Desiccating AgenU, Salts as, 435. 
DesUverization of Lead, 443. 

Deviations, from Henry’s Law, 345-352. 
from Ideal Gas Laws, Molecular Attraction 
Effect, 102. 

Volume Effect, 100, 101. 

Devitrification, 949. 

Dialysis, 1304. 

Diamond, Crystal Structure of, 164, 165. 

Graphite Transition, 390. 

Diatomic Gases, Entropy of, 1186-1191. 
Quantum Theory and Rotational Energy 
of. 1187, 1888-1190. 

Diatomic Molecules, Moment of Inertia, 
1191. 

Dibasic Acid Esters, Hydrolysis, 880, 881. 
Dielectric Constant, and Conductance, 593- 
697. 

and Density, 696. 
and Ionization, 659. 684, 586, 593. 
Measurement of, 694. 
and Polarity, 136. 
and Pressure, 636, 695. 
and Refractive Index. 596. 
of Solutions, Formulae, 594. 
and Temperature. 695. 

Differential, Properties of Complete, 39. 
Diffusion, Coefficient, 934-938. 

Coefficient for Salt Solutions, 938. 
in Colloidal Solutions, 1281, 1282, 1283, 
1284. 

of Electrolytes, 564, 555, 936, 937, 1004. 

Kick’s Law of, 936. 

of Gases through Capillaries, 75, 76. 

Laws of. 934. 

of Lyophilo Colloids, 1315, 1316. 
and Molecular Motion, 940-942. 
and Particle Size, 1284. * 

and Stokes-Einstein Law, 942. 
and Temperature, 935, 936, 938-940. 
Theory of Heterogeneous Reaction Ve¬ 
locity, 944. 945. 946. 962, 963, 984. 
Thermal. 77. 78. ' 

Dilatometer Measurements, 393. 

Dilute Solutions,^ Experimental Study of. 
247-268. 

Laws of. 231-290. 

Thermodynamics of, 260-281. 

IMlution, Efleet on Equiliturium of, 315, 316. 
Heat of. 217. 

Law, Empirical, 660, 561,562. 

Law. Ostwald’s, 511, 556. 556. 775. 776. 
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Law. ModiBcations of Oatwald'a, S57, 558. 
558. * 

Dimorphism, 4. 

Dispense Phase. 1277,1278. 

Dispersion Medium. 1277. 

Displaecment, Detennioation of End Pointe 
by Conductance. 854, 857, 858. 

Laws, U47, 1348. 

Dissociation, of Carbon Dioxide, Equilibrium 
•'in. 325, 326. 

Complete Ionic, 509, 531, 5.32. 563-507. 

759. 

Corrected Degree of, 758. 

Effect on Distribution Law. 316, 348, 349, 
355-358. 

Electrolytic, of Water, 824- 825. 
of Gases, 95. 90, 321-3.33. 
of Nitrogen Dioxide, 325, 328. 
of Nitrogen Tetroxide. 325, 327. 328. 
of Silver Oxide. Free Energ>’ of. 3>39, 340. 
Mechanism, 982. 

of Solids. Mechanism of. 981. 982. 
of Sulphur Trioxidc, I-^uilibria, 325, 330, 
331. 

of Ternary Klcctrolytes, 549-.')5l. 

Theory of Klectrolytic, 508-5U. 

and .Activity. 757-760. 
of Water Vapor, Equilibria. 325. 320, 327, 
372. 

Distance between .VUnns in Sodium riiloride. 
159. 

DiMribuiion au<l .Xd.sorptioti, 3t>0, 301. 
and ('oinpound Fornmtion, 359. 

Influence of Association on, 310, 34S. 3r).'>- 
3.)8. 

of Dissociation on. 310, 348, 319. 35.') • 
358. 

Law. 238, 239. 343-3«;7. 

Correction for Dissociation. 31H. 
for Gases. Maxwell’s. 78 82. 

Limited Applicability of. 3<)l. 
for Molecules of the Individual Svstein. 
1171-1176. 

for Monatomic Gases, 1172. 
in Liquid-Liquid Systems, 352-301. 
in Miscellaneous Systems. 36.5-307. 
of Piirticlesin Colloidal Solution>*, 1281. 
in Solid-l4lui<l Systems. 3ti4-3tl5. 

Katio, and Solubility. 3.54. 

Temperature Co<‘fr»cicnts. 363. 304. 
Study of Hydrolysi-s by, 3;)9. 

Vdocity of. 966, 

Dg^)winer’8 Triads. .5. 

Donnan’s Membrane Equilibrium. 283 290. 
and (^lioida, 1319. 

Drop Weight Methcxl of Surface I'enaioti 
Measurement, 126. 

Drude's Theory of Metallic Conduction. 489, 
490. 

Dry Liquids, 232. 

Duioog and Petit's Law, 1018. 

Theoretical Basis, 1149. 


Dynamic Equilibrium in Liquids. .386. 
Dyne. Deftnition, 34. 

Dystoctica, 421, 422. 


E. 

Earth's Crust, Tempemture of. and lUdio* 
activity. 1323. 

Echeloite Grating, 1255. 

Effective Nuclear ('barge, 1115, 1119. 
Efflorescence. Mvchnnihin of. 981. 

Einstein’s Derivation of Plank’s Ijiw. 1024- 
1028. 

Einstein Heat Capacity Equation. 1146- 
1150. 1153. 

Deviations from. 1149. 1150. 

IntCKration of. 1157. 

EiiiHtein’s I’liotochennciil 1 j»w. 1210, 1211, 
1212, 1214, 1215. 1216, 1217. 1222, 1223, 
1227, 1228. 1230. 1231. 1233.1271, 1356. 
I'.h*eirival C«»mluctivitv, Experimental. 614- 
521. 

Electricjil Encritv. Meastirement of. 409 4K4, 
Eleetrical Work. 705. 708. 

Eleeiricity, Friciionnl, 485. 486. 

Voltaic. 1.8.5. 4W1. 

Ek'ctro-afRnily, 894. 

Alwgg and HiKlliuider's 'J'lioory, 454. 
Electrochemistry of Sidutums, 701 822, 
Klwtroile, Calomel. 797. 799, 829. 
E^juilibriuii), Smit's ThiMiry. 805. 
IlydMKen, 829. 

Potentials and .\toiiiic Numlwre. 803, 804. 
Potentials.Conveniionsand Nomenctaluro, 
796. 797. 

Potentials and Equilibrium ('oiiHlant, BOO, 
801. 

Potentials Standard. 701, 795-801. 
1‘roccsses. TlKHjry <if. 803-806. 

Processes. Vcloriiy of, and Overvoltage, 
816 817. 

.8) steins, Esc ill Aiiiilysis of Ili-melallic, 
850. 951. 

Klecfroiiynamonieter, 473. 474. 476. 

Elect rokinetic Phenomena. 1295 1299. 

Potcntiul, 1295 1299. 

Electrolysis. Historical, 485. 480. 

E’araiJay's I^w» of, 5, 470, 500. 501. 500, 
.507. 

of Eusetl Salta, 500-604. 

Nomenelulurc, 505, 500. 

and I'olarixation Phenoiiicim, 806-822. 

Theories of. 504, 605. 

Electrolytes, Amphoteric, 577, 578. 

Diffusion of. 5M. 555. 

Solubility in Water, 454-462. 
Thermochciniutry of. 218-'220. 

Electrolytic Diaaociation, and Activity, 757- 
760. 

Measurement by Distribution, 368. 
Tlieory of. 508-611. 

Electrolytic Solution Pressure, 804. 
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Eltciroiytlo Solution#, Debye'i Theory of, 
280, 28L 

Eleotrometrie, Control of Reactions, 860-863. 
Methods in Analytical Chemistry, 823- 
963. 

Recording of Reactions, 860-863. 
Titrations, 842-854. 

Electromotive Force, Data and Activity 
Coefficients, 736, 737, 741-743. 
and Free Energy Increase, 338. 
by Induction, 816. 

Ionic Product from, 800. 

Measurement of, 476-483, 830. 

Nernst's Ounotio Theory, 701, 804. 
and PrMeure, 801, 802. 

Replacement Equilibrium from, 801. 
Solutdlity Product from, 800. 
Thermodynamics and, 701. 
of Various Cell Reactions, 708, 706. 
Electron, 12, 607. 

Arrangement in Atoms, 1062-1067. 

Change of Mass with Velocity, 20, 1326. 
Charge on, 16. 16, 17, 18. 19, 607, 608. ‘ 
as Current Carrier, 488. 

Ejection by X-rays, 1006-1007. 

Emissibn and Temperature, 1103, 1194. 
Extra-nuclear, 30, 31. 

Qas, Entropy of, 1192-1196. 

Heat of Evaporation of, 227-229. 

Mass of, 20. 

Motion of. in Conductors and Non-conduc¬ 
tors, 487. 

Orbits in Ar^n Atom, 1125-1126. 
in Carbon Atom, 1125. 
in Copper Atcgn, 1126-1127. 
in Helium Atom, 1124. 
in Hydrogen Atom, 1093. 
in K^ton Atom, 1127. 
in Li^um Atom, 1124. 
in Neon Atom, 1125. 
in Potassium Atom, 1121-1122. 
in Sodium Atom, 1125-1126. 
in Xenon Atom, 1127. 

Properties of, 13. 

RaUo of Charge to Mass for, 13, 14. 

* Classen's Method, 28. 

Sise of. 21. 

Theory of Matter and Infra Red Absorp- 
Uon. 1268, 1269. 

Tubes for Industrial C^trol, 861. 

Velocity and X-ray Frequency, 1007-1008. 
Electrostatic Forces between Ions, 281. 
EleotroetrioUon, 636. 

Elements, Crystal Structure of, 163,164. 
ElUptio Orbits, Effect of. 1091-1094. 
Emulsoids, 1303. 

Enantiotropism, 168, 390. 

Endosmoee, 1205, 1297, 1298. 

Endotbtfmio Reactions, 40, 43, 178. 
End-Pdnts, Potwtiometrio Study of, 847- 
851. 

Energetics, First Law, 34-68. 


of Photochemical Processes, 1209-1231. 
Second I^w of. 63-63. 

Energy, 33, 34. 

Conservation of, 36. 37, 38. 

Convertibility of, 33. 

Critical Increment of, 902-4M>4. 

, Definition of, 34. 

Density and Radiation Pressure, 1015. 
Diagram for Hydroi^n. 1087, 1089, 1104. 
Distribution in Spectrum, 1013. 

Emissbn of Radioactive Bodies, 1323. 
EquipartiUon of, 84, 86, 1017. 1019, 1167. 
1176. 

Internal, 37, 38, 39. 

Intra-atomic, Utilisation of, 1322, 1323. 
Unit. 34. 

Variation, Direction of. 43, 63, 64. 
Independence of Path, 37. 

Ensemble of Systems, 1170. 

Entropy, 69-63. 707. 
at Abwlute ^ro, 1137. 

Change, in Ideal Gas, 61, 62. 

in Irreversible Processes, 62, 63. 
as Definite Positive Quantity, 1138. 
of Diatomic Gases, 1186-1191. 
of Electron Gas, 1192-1196. 

Empirical Calculation by Third Law, 
1156-1158. 

Frequency, and Atomic Weight, 1158- 
1160. 

of Fusion for Glycerol, 1142. ^ 

and Gas Consthnt, 1178. 
of Metals, 1159. 

of Monatomic Gases, 1181-1186. 
and Probability, 1176-1181. 
of Solutions, 1141-1142. 
of Supercooled Liquids, 1142-1143. 
of Vaporization and Probability, 1178. 
Enzyme Action, 952, 953, 954, 957-959, 962, 
964. 

Enzymes, Hydrolysis at Surface of, 957-059. 
Equation of State, Berthelot’s. 113. 
Clausius’, 113. 

Dieterici's. 113. 

Keyes', 113. 

Equilibrium. Alcohol-Acetic Acid. 292, 333, 
334. t 

Calculation of, 320, 321, 339-341. 
and Catalyst, 878. 

Condition in Poly-Component Systems, 
733. 

Constant. 292. 294, 298, 300, 301. 
and Activity, iZT, 728. 
and Electrode* Potentials, 800,801. 
and Pressure, 301, 311-316. 

R^arions between, 301,302. 
and Temperature. 307-311. 

Data, Mathematiod Treatment 338- 
341. 

Definition of Heterogeneous, 343. 
and Distribution Law, 369, 360. 
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Donnsn'B Memlvane, 283-290. 

Dyiuunlo, 292. 293. 

Effeot of Catalyst on, 318, 319, 878. 

Effect of Dilution on, 815. 316. 

Effect of Solvent on, 336-338. 
in Electrolytes, 555. 
in Estwificalion, 292, 333.334,335. 

False. 376, 992. 

and Free Energy Change. 339, 713. 
QaS'Iiquid, of Ta'O Components, 396-398. 
Gas^Ud, Thermodynamics of. 463-407. 

Two Component. 433-437. 
in High Prewure Gas Reactions, 332. 
Homogeneous, 291-341. 
and Hydration, 776. 

Influence of Association on, 337. 

Influence of Pressure on, 301, 311-315. 
liquid-Liquid, 398-406. 
in Liquid Phase, Effect of Pressure on, 
312, 313. 

Measurement of, 319,320.. 

Phase Rule, 369, 370. 

Photochemical, 1237, 1239. 

Radioactive, 1322. 

Replacement, from E. M. F. Data. 801. 
SoUd-liquid. 407-433. 

Solid-Solid, Two Component. 437-440. 
Study by Distribution Eiperiments, 369. 
of Sulphur, 385. 

Tautomeric, 836. 

and Thermodynamics, 66, 67, 294-296. 
• 299. 

Heterogeneous, 462-468. 
and Third Law, 340, 341. 
in Two Phases, 462. 

Equipartition of Energy, 84, 86, 1017-1019, 
1167-1176. 

Erg, Definition of, 34. 

Ester Hydrolysis, 679. 883, 884. 
Esterification, Catalytic. 927-929. 

Equilibria. 292. 333. 334, 335. 
Goldschmidt’s Theory, 917. 

Eutectic Halt, Duration of. and Mature of 
Solid Phase, 432. 

Eutectic Point, 400. 410. 

Eutectics, 410, 412. 

Euteetoidf 439. 

Evaporatioo.of Electrons. Heat of. 227-229. 
Velocity oT. 970-974. 

Excitation of Mercury Atoms by Light. 1236. 
Excited Atoms, and Resonance Radiation, 
1109-1111. _ 

Bbm ited State of Atoms, 1103, U09-1111- 
ESotbermio Reactions, 40,43,1’®*., 
Elxpaoaion, Coefficient of, in Oil Films, w9. 
of Gas, Free Energy Change on, 57. 295. 

Temperature Change on, 101. 
of Ideal Gas, Adiabatic, 50. 51, 52. 

laothermal, 49. 50, 51, 62, 56, 104. 

<rf Solids, Thermal, 170, 171.172. 
Explo«on Method for Specific Heats of Gases, 
200 , 201 . 


Extraction. Theorj' of. 301-363. 


F. 

False Equilibrium, 376, 992. 

Faraday. Value of the, 19, 471, 506. 

Faraday's, Laws of Electroly^, 5. 470, 500, 
501, 500. 

Theory of Electrcdj’tia 605, 506. 

Ferric Chloride>Water, Phase R^ation^iips, 
422. 423. 

Pick’s Law of Diffusion. 936. 

Fine Structure of Hydrogen Xinee, 1091, 
1092. 

First Order Reactions. 866,867.868,878,908. 

Flocculslion, 1307-1313. 

Flowing Junction in Potential Measurements, 
788. 

Fluorescence, Differentiation from Tyndall 
Effect, 1306. 
from Radiation, 1352. 

Formic Acid, Catalytic Decomposition. 968. 
Conduct mice in. 588. 

Four and Five Component Systems, 451,452. 

Fractional Crystalliaatton. 433. 

Free Enerc'. <13-67, 708, 713. 
and ActiWty, 730. 

Change. 43. 

in Cell Reactions, 710-712. 
in Dilution. 296. 
and Electrical Work. 708. 
and Equilibrium. 713. 
in Gaseous Expansion. 57, 205. 
of Perfect Gas, 729. 

«>f Perfect Solute. 729. 

Data and Equilibrium, 339-341. 
of I^iasDciutiou, of Oxides. 330. 340. 
of Formation of Water, 339-341. 

IncreajM), and Activity, 299. 
and Chemical Keection, 303-307. 
an<l Electromotive Force. 338. 

Partial, and Relative Activity, 727. 

Partial Molal, 714, 718, 720. 
in Acid-Salt Mixtures. 723-724. 
and Concentration, 724-726. 
of Reactions in Condensed and VapOr 
Phases. Comparison of. 1134. 1138. 
Variation, with Pressure, 64, 66. 
with Temperature, 65. 310. 

Free Path. Mean. 87-91. 93.101. 

Freedom. Degrees of. in Statistical Meclmn- 
icB, 1169, 1170. 

Freexiog Point, of Binary Mixtures, 407, 4(Mi. 
Lowering, 241-243. 247, 264-266. 
and Activity Coefficients. 737-741. 
and (^nolic Pressure, 277. 
of S(^ Sdutions, 426. 

Frictional Electricity, Nature of. 485, 486. 

Fugacity, 726. 749. 

Fused Salts, ElecUolysU of, 500-504. 

Heat Capacity of, 204. 

Migration Ratk> in, 549. 
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VUcosities of, 503. 

Fuuofi, Heat of, 165. 

G. 

Galvanic Cells, 701, 702-707. 

Thennodynainics of, 707-715. 
Qomma'Rays, 1325-1328. 

Analysis by, of Crystal Lattices, 1327. 
Ionisation by, 1328. 

Gas Analysis, Automatic, 861-863. 

Gas Coiutant, R, 71, 72. 

Value of, 36. 

Gas Degeneration, 1196-1201. 

Gas Ions, Heat of Hydration, 225-227. 

Gas Law, EfTect of Gravity on, 82. 
Gas-Liquid Reactions, Thermodynamics of, 
467. 

Gas Mixtures, 104,106,106. 

Volume of, 97. 

Gas Molecules, Velocity of. 70. 

Gas Reactions, Photo-Equilibria, 1239. 
Photosensitisation of, 1232, 1236. 
on Solid Catalysts, 983-991. 

Gaseous, Collisions, Persistence of Motion 
with, 103,104. 

Dissociation, 96, 90. 

Equilibria. Homogeiioous, 321-333. 
in High Pressure Systems, 332, 333. 
in Reactions with Volume Change, 325- 
333. 

in Reactions without Volume Change, 
321-325. 

Preraure, Analogy with Osmotic, 260-271. 
Reactions, Free Energy Increase in, 304- 
307. 

State, Definition, 66. 

Solutions, 234. 

Gas^, Diffusion of, 934-936. 

Heat Capacity of. 83-87, 198-204. 
loiriiation of. 12, 13. 

Laws of Ideal. 60. 70. 71, 72. 

Solubility in Liquids, 344-352. 

Solubility in Metals, 366. 

Specific Heat of, 83-87. 

Velocity of Solution of, 992,995-1004. 
Qay-Lussae's Law, 09. 

Geiger-Nuttull Relation, 1349. 

Generalised Space, Concept of, 1168, 1169. 
Generalised Theory of Valency, 1076-1079. 
Geology, Radioactivity ii^p 1357-1359. 
Qhodi’s Theory of Eldctrolytos, 563-666, 
760, 761. 

Gibbs' Adsorption Law, 1302. 
Gibl^Hdniholts Equation, 05. 66, 307, 709, 

710. 

Gibbs' Thermodynamic Methods, 701, 702. 
Glass, Conductivity of. 497-500. 

Graham’s Law of Gaseous Diffusion, 934, 
Gnq)hite, Crystal Structure of, 82, 83. 
•Diamond Transition, 300. 

Heat Capacity of. 1156. 

Gratinei for Infra Red Measurements, 1255. 


Gravity, and Distribution of Particles,. 1280* 
1281. 

Effect of, on Gas Law. 82, 83. 

Grotrian Diagram for Energy Density, 1105, 
1106. 

Orotthus-Draper Law of Photochemistry, 
1206, 1207. 

Grotthus’ Theory of Electrolysis, 502, 504. 
H. 

Half-Life Period of Elements, 1322. 

Half Value Layer for /S-particles, 1326. 
Haloes, Pleocli^ic, 1358. 

Halogen Organic Compounds, Reaction 
Velocity with, 929-931. 

Harmonic Oscillators, Entropy and I^ba- 
bility in System of, 1179-1181. 

Heat, of Adsorption, 189, 220-223. 
and Catalysis, ^1. 

Variation with Pressure, 222. 
of Coagulation of Colloids, 224. 
of Combustion, 207-212. 
of Dilution, 217, 210. 
of Dissociation of Hydrogen. 1191, 1192. 
of Evaporation of Electrons, 227-229. 
of Formation, 191, 102, 208. 
of Fusion, 195. 

of Hydration of Gas Ions, 225-227. 
of Ionisation of Water, 573. 

Mechanical Equivalent of 34. 35, 36. 
of Neutralisation, 219, 220, 510. 
of Reaction, 40, 41. 

(’oustancy of, 41. 
at Constant Pressure, 180. 
at Constant Volume. 180. 
and Temperature, 41, 42, 192-104. 
of Solution. 212, 218. 
at Saturation, 409. 
and Solubility, 400. 
of Transition, 195, 108. 
of Vaporisation, 109, 195. 196, 197. 
of Wotting, 223, 224. 

Heat Capacity, of Alkali Metals, Abnormal, 
1154, 1194, 1195. 
of Calorimeters, 186. 
at Constant Pressure, 40, 103. 
at Constant Volume, 40. 41. 
and Crystal Structure, 1155,1il56, 1166. 
Cur^’O, Characteristic, 1144, 1145. 

Curves of Irregular Types, 1154-1156. 
of Diatomic Gases, Quantum Theory, 
1187,1188-1190. 

Einstein Equation, 1146-1150, 1153. 

Equation, ^byn’s, 1151-1153. 

of Fused Salta, 204. 

of Gases. 198-204. 

and Isotopes, 1156. 

of Liquids. 145, 146. 1160. 

at Low Temperatures, 1143. 

Debye's Equation, 1152. 
of Monatomic Solids, 1144-1146. 
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NeroBt^Lindemann Equation. 1150-1151. 
of SoUdB. 172-175. 

Theoretical Equations. 1146-1154. 
of Solute, Partial, 739. 

Variation with Temperature. 174,175,194. 
Relation of Cp to C,. 48. 49,198,199. 
Heat Conductivity of Gases, 01-93. 

Heat, Content, 39. 709. 

Change in Cell Reactions, 710-712. 

Partial Molal, 714,715. 
in Acid Sidt Mixtures. 723-724. 
from Calorimetric Data, 718-720. 
Relative Partial Molal, 720-726. 
Calculation, 721-723. 

Heat Theorem, Nemst, 1132. 

Helium, Atom, 1124. 

Heat Capacity at Low Tempcruturcs. 84. 
Spectrum, 1108., 

Henderson-Planck Formulae for Liquid 
Junction Potentials. 786. 

Heorj’’8 Law, 237, 238, 344-352. 

Deviations from, 345-352. 

Hertzian Waves, 1253. 

Hess’s Uw, 41, 190, 192, 193. 

Hetero*ionic Solutions. 772. 

Heterogeneous, Equilibrium, .343-498. 
Definition, 343. 

Thermodynamics of, 402-408. 

Variation with Temperature, 40;i, 404. 
Heterogeneous Reactiim Velocit>. N<‘rii'4 a 
tf'heory, 944. 954. 962, 963, 9M. 
Heterogeneous Systems, Reaiti"n \ol(«iiy 
in. 933-1004. 

Hexagonal .System of Crystal Strurlurc. lui. 
162. 

Hittorfs Theory of Elcrfroly>is. 502, 503. 
Transport Number Determination. o-iS. 
544-546. 

Homo-ionic Solutions, 772. 

Homogeneous Catalysis and AclivifiO", 7 


/oi. ,, 

Homogeneous Displacement of ( ollonl l ar¬ 
ticles, 1282. 

Homogeneous Equilibriuni, 291-341. 
Definition, 343. 
in Gases. 321-333. 
in Liquids 333-338. 

Hydrated Salts. Method of Preparation. 4^)- 

Hydration, of Anhydrides. Velt>eity of. 871. 
and Equilibrium Constant, 776. 
of Gaa Ions, Heat of, 225-22<. 


Ions, 561, 552, 666, 507. 

^ Transport Numl>er and. 

Values from Activity Data. 777 779. 
from Transference Data, 778. 

Hydride Theory of Cri ervoitoge. 816. 
Hydrocarbon Molecules. Structure <d. 1071. 
Hydrochloric Acid. Actirity (^lefficientH. 


7aO, 731. 

in Chloride Solutions. 76^772. 
Oxidation, Equilibria, 325, 331. 


Partial Molal Free Energ>'. 721. 

Partial Molal Hnit Content, 721. 

Relfllivc Partial Molal Heal Content, 722- 
723. 

Hydrogel, 1278. 

Hydrogen. Atom, Bohr’s Theory of, 1087- 
1090. 

Kleetron Orbits in, 1093. 

Bromide. Photo- DeoomjKMition, 1213- 

1216.1218. 

Chloride. Activity in Hydttichloric Acid, 
750. 751. 

Chlorine Combiimliun. 1208. 1209, 1212, 
1218-1230. 

Kiiergetics. 1212, 1222, 1223. 

Kinetics. 1220 1222. 

Mechanism, 1223 1230. 

EleelrtHlo. 829. 

at High Hydrogen I*res8ur«s. 802. 
in Imiinitor Choice, 841. 
as Kcfer*‘nee. 797. 

Variation with Pressure, 802. 

Heat CapiK-ity of. at Diw Temperatures. 

8t>. s7. 

Heat of Dissormtion, Calculation, 1191- 
1192. 

Iialide. Decomposition and Forinaliou, 
Kiiuilibruini in. 3:.'^. 
Plioto-Dcci»mposition. 1213-1216, 1218. 
Ion, .\(ii\ities, 791. 794. 

Catalvsi"*. 914 917. 

<'(.lieeiiinitiuij, Indicator Method of 
.Measurement, 841. 

Measmemi’iit, 823 835. 

Recording. 860. 861. 

Lxjameiit Scale, 825. 

Noii-lhdratisl. as CntalyKt. 915. 916, 
Q17. 

Ratio of c Ml for. 11. 

Lines, l-'ine Stnieiure of, 1091, 1092. 
Molectile. Mass of. 2l>. 

Monaiomic ami Ov(T\olliige, 816, 
Overvoltage. 811 817. 

Oxidation, Catalyfii-, 988, 989. 

Peroxide, Catalytie Decomimsltion. 961- 
964. 

Kn*>me Deeoinposiiion. 963. 

Siiectnim. 1081. 

Hv<lrogeiiation, of Ethylene, Catalytic, 989. 

lu Liqunl .Systems, Catalytic. 959-961. 
Hydrolysis, 440, 447, 44H, 572-677. 
of Amidos, Velocity of, 929. 

( ntalytic. 925-929. 

Determination by Distribution, 360. 
of Dibasic Acid Esters. 880, 881. 
at h'nzyme Surfaces, 957-959. 
of Esters. 879. 863, 884. 
of Fats. 969, 970. 

Rate of, and Constitution, 927, 928, 929. 
of Salts. 825-828. 

Velocity in Liquid*Liquid Systems, 966- 
970. 
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Hydrolytic Decompotltioa by Membranec, 
280, 290. 

Hydroj^l Ion Catalyiu, 914-017. 

HyetomU, 1278. 

Hydr^Oxides, 437. 

I. 

loo Calorimeter, 188-190. 
loe, Density of, 189,190. 

Heat of Fusion of, 195. 

Polymorphic Modifications of. 3^382. 
Ideal Oas, Adiabatic Expansion of. 50, 61, 
52. 

Internal Energy of, 43, 44. 

Ifothomal Expansion, 49, 50, 61, 52, 56. 
Uws. 69, 70.71.72. 

. Deviations from, 96. 

Effect of Molecular Attraction on, 102. 
Temperature Effect, 102. 

Volume Effect, 100,101. 

Thermodynamic Criterion of, 45. . 

IdMl Melting Point, 388. 

Ideal Solutions. 231, 302. 

Imido<Estere, Hydrolysis of, 926. 
Incongruent Melting Point, 418. 

Indices,. Law of Rationality of, 148,161. 

Miller, 149,155. 

Indicators, 885-842. 

Chart, 889. 

^ Clark and Lube* Series, 842. 

FunoUons, 887,888. 

Radio>Elemente as, 1349, 1850. 

Induction, Photochemical, 1218, 1219, 1220. 
Infra Red, Absorption, by Crystals, 1268. 
1269. 

and Electronic Theory of Matter. 1268, 
1269. 

and Salt Catidysis. 1268. 

Temperature Meet, 1270. 
and Theories of Solution. 1268. 
Abeorption Spectra, 1261-1269. 
and Reaction Velocity, 1272. 
of Nitrobensene, 1264,1265. 

LimiU of, 1258,1254. 

Measurement. Effect of Temperature on, 
1268. 

Radiation, as Acoderator of Reaction 
Velocity. 1278,1274. 
in Chemio^ ProoeaseK’1258-1275. 

Laws of Abeorption, 1261-1268. 
Measurement of, 1255-1261. 

Measuring Instnunents, 1255-1260. 
Methods of AnalysU, 12SS. 1256. 
and !^>action Velodty, 901-908. 
Refiectivity, 1256. 

ReUtion to Ultra Violet, 1266,1267. 
Sources, 1284, 1258. 

Spectra and Chemical Constitution. 1264, 
1255. 1268. 

Bpeetrometer, Calibration, 1260,1261. 
Inhibited lUaotions, 928,924. 


Inhibition, of Oxidation. 921. 921. 928. 924* 
of Photo-Deepmposition of Hy&Wfar' 
Peroxide, 1240,1241. '' 

of Photo-Chddations, 1241. 
of Photo-Reactions, 1240,1241. 
^tegration Constant, and Nature of Cou- 
. r' densed Phase, 1136. 

in Systems Containing Vapors and Ck)n- 
densed Phase, 1185, 1186. 
of Thermodynamic Equation, 1181, 1182. 
Interatomic Distances in Cryetals, 159, HQl, 
163. 

Intercepts, Law of Rationality of, 146. 
Interface Reactions, 983, 942-966, 981-983. 
992-1004. 

Interfaces. Reactions at Solid-Solid, Ml-983. 
Interfacial Angles, Law of Constant, 148. 
luterfacial TensioD, 1286. 

and Temperature, 1286. 

Internal Energy, 37, 38, 39. 

Changes, 179. 
of Ideal Gas, 43, 44. 

Interna! Pressure, 1285. 

Intra-atomic Energy, Utilisation of, 1822, 
1828. 

Intrinsic Pressure of Liquids, 115, 141, 142, 
143. 145. 

Inversion Temperature, 48. 

Iodine, Coulometer, 472,473. 

Rate of Reaction with Metals, 945, 946. 
Iodoform, Photo-Oxidation, 1246. 

Ionic, Activities, Individual, 789. 
Conductances, 790. 

Viscosity Correction for, 790. 
Equilibrium in Electrolytes, 555. 
Hydration. 651, 552, 566, 567. 
from Activity Coefficients. 777-779. 
and Transport Numbers, 551, 552. 
Mobilities. 539, 541, 542. 543. 547, 552, 
653. 554. 

and Concentration, 758. 

Temperature Effect, 553. 

Mobility, Change with Dilution. 531, 537. 
Product sff Water from £. M. F. Data, 800. 
Strength, 767. 

Ionisation, by a-partioles, 21. 1824. 
by /5-particles, 21.1826. 

Com^eU, 509, 531, 532, 563-^7, 759. 
Constant, of Water. 538.539, OT2,573,825. 
and Dielectric Constant, 559. 
of Gases, 12, 13. 

Mechanism of, 20, 21. 
by Positive Rays. 21. 
and Reaction Vridcity, 511. 

Thermal. 1192. ^ 

Total Specific. 1825. 
by X-rays. 15.18. 21.1006-1007. 
loniring. Potential. 1088, 1092, 1102-1109, 
1110 - 1111 . 

Power of Solvents, 584, 585. 

Ionium, 1836. 

Ions, Complex, 583. 
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■filtt in N#&-A<{ueou8 Solutions, 599. 
.fowCttboo Phase Relationships, 53.54,55, 

it, 

Inereraible, C^, 705. 

Prooeesea in Thermodynamics, 53. 54, 55, 
56. 

Itodimorphism, 4. 
bo-£leotric Point, 1318-1320. 

Isobydrio Principle of Arrhenius, 455-461. 
Uohydrio Solution. 570-572. 
letted Reactions, 866-875. 

Iwmeric, Change, Velocity of, 871, 874, 878, 
912. 

Compounds, Infra Red Absorption by, 

1265. 

Isomerism and Phase Rule, 389. 
Isomorphism, 4, 166, 167. 1074-1076. 
Isopleth. 400, 411, 413, 427, 448. 
.Isosterism, 1074-1076. 

Isothermal, Expansion of Idea! Gas, 49, 50, 
51, 52, 56, 104. 

P-V Curves, 110, 111. 

Isotherms, Phase Rule, 354, 383. 

Isotonic Solutions, 259. 

Isotopes, 26, 26, 27, 28. 

Non-radioactive, 26, 27. 28. 

Properties of, 30. 

Radioactive. 1347. 

Separation of, by Thermal Diffusion, 77, 
78. 

Table of. 29. 

• 

J. 

Joule-Thomson, Coefficient, 45, 46, 47, 48* 

100 . 

Effect, 103. 

Junction, Flowing, 788. 


Katharometer, 862, 863. 

Keto-Enol Tautomeriam, 880. 

Kinetic, Energy of Gases, 71. • 

Theory, 69-82. 

of Chemical Equilibrium, 29.1, 294. 
and Gaseous Diffusion, 934, 935. 936. 
of Osmq^ic Pressure. 277-281. 
Kirchhoff’s Law. 41, 192. 193. 709. 
Kohlrausch’s Law, M9-541. 

Kolowrat Table of Radon Decay. 1340.1341. 
Ko^ Theory of the Atom. 1113. 

Atom, 1127. 


L. 

X 4 mgmuir '8 Theory of CatJysed 


Reaction, 985-^89. 

LaUmt Heat, 195. 

Methods of Determining. 195-198. 


<4 Evaporation, 118, 169. 
and Surface TensioD, 126,127. 


Gas 


Latent Image, I247-12SI. 

Lattice. Calcite. 162. 

Constant, 150. 

Energy of Crystals, 225. 

Structure and Crj’stal Growth. 94 #l 
L attices. Cubic. 155-159. 160. 161. 

Hexa^iial, 161, 162. 

Various Cr>-8tal8, 148, 150. 

Laue X-ra>- Photographs of Crystals, 151. 
Law of. CaUletet and Mathias, 401. 

Constant Heat Summation. 190, 192. 193. 
Cooling, Newton’s. 183. 

Dulong and Petit. 172, 173. 

Mass .Action. 292. 

and Activity ('oncept, 299-30.1. 730. 
Applicability to Non-.Aqueous ^utions, 
.198. 

Applied to Electrolytes, Validity of, 628. 
529. SSO-oO:. 

Deviations in Electrolytic Solutions, 
602-568. 

at Inffnite Dilution, 561, 562. 
lunl Inner Equilibrium of Eleotrolytie 
.Solutions. 775-779. 

Thmnodynamic Proof, 296-299. 

Mobile Equililmum, van’t HoflTs, 350, 
3.)l, .171. 

Partial PresMires, Dalton's, 104, 105, 234. 
Photochemical AlMorption, 1206. 
Photochemical P'quivalent. 1210-121^ 
1214-1217, 1222.1223,1227, 12U. 123d. 
1231, 1233. 1271, 1356. 

Reflection. 1206. 

Straight Diameter, 401. 

Thermoneutrality, 218. 

Wiedenmim-Frans, 489, 490. 

Laws of Dilute Solutions, 2.31-290. 

I^/ead Accumulator. 807, 808. 

Ix^ad. Destiveruation, 443. 

Lo Chatclier-Hniun Principle, 307, 377, 379, 
385. 

Lewis-Langmuir Theory of. Atoms, 31,1050- 
1067. 

Valence. 1060-1076. 

IJfe of Excited Atoms. 1110. 

Light. Absuriitiou and Chemical Change, 
1206. 

Effect on Conductance, 487, 407. 499. 
Sensitivity of Silver Halides, 1230,1231. 
Limiting Conductances, 525-532. 
Lind6-Hampson Process of liquefaction, 48. 
Linderoaim's Theory of Metallic Cooduetioa, 
491,492. 

Line Absorption Spectra, 1109-1111. 

Linkage in Carbon Comtwunds. Energy of, 
210-212. 

Liquefaetkm of Gases. 103. 

Unct4-Hamp8on, 48. 

Liquid. CrystaU, 132,133, 175-177 376,394,. 
395. 

and Molecular Orientation, 132, 133. 
FUmsand Molecular Orientaiion, 133-140. 
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Jiinctioiifi in Cells, 781. 

Junction Potentials, 706,782-784,78S-789. 
-Liquid Systems, Reaction Velocity, 966- 
970. 

Moiecsules, Sise of, 137, 138. 

Solutions, 284, 235. 

State of Aggregation, 107-146. 

Sulphur, Dynamic Equilibrium in, 386. 
Systems, Distribution between, 362-364. 
Liquids, Conductivity of Pure, 583, 684. 

Dry, 232. 

Specific Heats of, 14^146, 204, 205. 
Viscosity of, 143-145. 

Liquidus Curve, 427, 428. 

Lithium Atom, 1124. 

lithium Ion, Transference Numbers from 
E. M. F. DaU, 785. 

Lorenz's Theory of Electrolytic Conduction, 
566, 567. 

Lowering of Freeslng Point, 241-243, 247, 
264-266. 

Luminescence from Radiation, 1352. 
Luminescent Effects of Radio-Salts, 1352, 
1353. 

Lyophile Colloids, 1313-1320. 

Diffusion, 1315,1316. 

Osmotic Pressure, 1316. 

Lyophile Sols, 1305-1313. 

Characteristics of, 1313, 1314. 

Coagulation of, 1307-1313. 

Lyophobe Colloidal Solutions, 1303-1313. 
Lyophobe Sols, CoUigativo Properties. 1304. 
C^rootio Pressure, 1304. 

Preparation of, 1304. 

StabiUty of. 1305. 

Lyotropic Properties, 1285. 

M. 

Mass Action law, 202. 
and Activity, 200-30.3, 730. 

Failure for Strong Electrolytes, 656-608, 
730. ^ 

Thermodynanuc Deduction of, 206-299. 
Relation Applied to Acids, 823-824. 

Mass Spectrograph, 28. 

Maximum Work, 56, 57, 58, 69, 708. 

In Adiabatic Expansion of Gas, 57, 295. 
in Isothermal Expansion of Gas. 66. 
Maxwell’s Distribution Ijkw, 78-82. 

Mean Free Path, 87-01.93,101. 
in liquids, 115. 

Mechanical Equivalent of Heat, 34, 36, 36. 
Mechanism of Reaction, 885-885. 

Melting, of Impure Substances, 411. 

Pdnt, Congruent, 4ih), 421. 

Ideal, 388. 

Xncongruent, 418. 

Natural. 388. 
of Solids, 168, 169, 172. 

Mdta, Velocity of Crystallization from, 948- 
951. 


Membranes, Semi-permeable, 243, 251. 
Equilibrium, and Colloids, 1519. 

Donnans, Theory of, 28^290. 
and Osmotic Pressure, 287, 288. 
Mesomorphic State, 176-177. 

Meso-Thorium, 1544,1345. 

Metallic Conduction, Drude’s Theory, 489, 
490. 

Lindemann’s Theory, 491, 492. 

Stark’s Theory, 490. 

Theory of, 488-493. 

Wien’s Theory, 491. 

Deposits, Nature of, 811. 

Electrodes, Reproducibility, 811. 

Ions as Catalysts, 917, 918. 

Metallographic Phase Studies, 432, 438. 
Metals, Abnormal Heat Capacity of, 1154, 
1194, 1195. 

Rate of Reaction with Iodine, 945, 946. 
Theory of Conductance, 488-493. 

Thermal Conductivity, 489. 

Motastahle State, 369, 382, 385. 

Micelle. 1305, 1309. 

Microcanonical Ensemble, 1173. 
Microradiomotcr, 1256-1257. 

Migration of Ions, 542-544. 

Ratio from E. M. F. Measurements, 554. 
Ratio. Hittorf, 539, 642, 649, 554. 
Millikan’s Measurements of e m, 16, 17, 18, 
19. 

Milner’s Theory of Electrolytic Conduction, 
505-5<ifi. • 

Mix-Crystals and Isomorphism, 167. 

Mobility of Ions, 539, 541, 542, 543, 547, 552, 
553. 554. 

and Concentration. 531, 758. 

Temperature Effect, 553. 

Molecular Attraction. 107, 1284, 1285. 
in Gases, 9.3. 94. 

Law of Force of, 141-143. 

Molecular, Di.ametcrs, 94,95. 

Forces, Magnitude of, 127, 

Range of. 124. 

Heat of Gases, 199-204. 

Motion and Diffusion, 946-942. 
Orientation, 130-140. 

and Catalysis, 957. 

Vohimo of Gas. 114, 115. 

Weights in Solution. 245-247. 

Molecules, Volume of Gas, 114, 115. 
Mol-Fraction, Concept of, 235, 236. 

Moll Galvanometer, 1258. 

Thermopile, 1258. 

Moment of Inertia of Diatomic Molecules, 
1191. ^ 

Monatomto Gases. Entropy of, 1181-1186. 
Heat Capacity of, 84. 

Monatomic Solids, Empirical Calculation of 
Entropy, 1156-1IM. 

Heat Capacity of. 1144. 

Monotropic Substances. 1^ 

Monotropism, 390. 
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Moseley’s 1055-1056, 1111. ni 5 . 
Moving Boundary Method of Transport 
Number Determination. 547-549. 

Multiple Proportions, Law of. 1. 

N, 

Nature of Chemical Bond. 1058-1061. 
Nature Melting Point, 388. 

Negative Autocatalyeds, 922. 

Catalysis, 921-925, 1240, 1241. 

Catalysts, 380. 

Neon Atom, 1125. 

Nernst, Approximation Formula for Equilib¬ 
rium. 1137, 1162-1164. 

Filament, Conductivity of, 497. 

Lamp for Infra Red, 1255. 

Heat Theorem, 1132, 1133-1137. 
-Lindemann Heat Capacity Equation, 
1150,1151. 

Osmotic Theory of E. M. F., 701, 804. 
Statement of Distribution Law, 346, 355, 
359, 360. 

•Thomsen Ionisation Rule. 219, 220. 
Neutral Salt Action, 559, 914, 915, 929. 
on Color. 840, 841. 

Neutralisation, Electrometric Moasiuroincnt 
of. 830, 831, 854. 

End Points by Conductance. 854. 856 -858. 
Heat of. 219, 220. 
l^wton's Law of Cooling, 1K3. 

Nrcotine-Water. 403. 

Nitrobensene, Infra He<l Absorption Spec¬ 
trum. 1264, 1265. 

Nitric Oxide, Equilibrium in Funnnlion of, 
324. 

Nitrogen Dioxide Dissociation. F/juilibrium, 
325, 328. 

Molecule. Structure of, 1070, 1072. 
Pentoxide, Radiation Theory and Decotn- 
piosition of, 1273. 

Tetroxidc Dissociation. 325. 327, .32^. 
Nomenclature of Radio Elements. 1335. 
Non-aqueous Solutions, Conduclancc, 5S3- 
603. 

Nature of, 597-600. 

Pressure Coefficient of Ccmdiictance. 591. 
Results <# Conductance Detcrniinatiom*. 

586-589. 

Solvation, 600. 

Temp^turo Coefficient of Conductance, 

589-^591. 

••■ifranspbrt Numbers. 600-602. 

Viscosity and Conductance, .591-593. 
Non-conductors and Conductors. 4h6. 
Non-electrolytes, Influence on Coniluctance, 
535. 

Solubility of, 542-554. 

Non-metdUc Ions as Catalysts. 917. 918. 
Noyes-Whitaey Theory of Solution. 943. 
Nuclear Theory of Atomic Structure, 22, 23, 
1052-1057- 


^*i3M Atomic. 24. 1052-1057, 

Nucleus. Instability of, 1321. 

0 . 

Obach’s Rriation for Dielwtric Constant 
594,595. 

Octaves. Newland’s Law of, 6. 

Octet Theory of Structure. 1068 -1076. 

Ohm, Dclinition, 409. 512. 

Ohm's Law, 469. 511,512. 

Oil Films, IV^iiorties of. IS-I-UO. 

Ono ComjMuient Systems, 375-3Wt. 

Opposing Relictions. 877-879. 

Optical Proporlios and Conducting Power, 
486. 

Rotation as Measure of Reaction Vchwitv, 
892, 893. 

Orbital Arrangement in Atoms. 1115-1128. 
Order of a Reaction. 866, 883-885. 

Orgnnie Compounds, Crjstal Structure of. 
165, 166. 

Orieufniioti, Effect on Physical ProiwrtW, 
139-141. 

in Lhiuid Eibus, 133-146. 
of Molecules. 130 14t). 
ami Catal.Vhls, 957. 
at Liipud Surfaces, 1294. 

Oscillator. Harmonic, 1146. 

Osmotic, How, Velocity of. 257. 

Preasure. 243 245, 249- 259. 200 277. 
and Activity ('ocflicients. 754- 756. 
Analogy of (laseous and. 269-271. 
innl Roiling Point Rise. 275-277. 

(ukI Brownian Motion. 1283, 1284. 
aiui Fns'iing Point l/owcring. 277. 
and Meinbrano F^jiiilibrium, 2H7. 2KK. 
and Vaptir Pressure, 271-274. 756. 
Berkeley and Hartley’s Method, 255, 
2.Vk. 

Cell Techlihjiie. 2.50. 2.51. 

E<iuation in Coneeiilratod Solutions, 
274, 27.5. 

Kinetic Theories of, 277 281. 
of Lyophitc ('oIIokIh, 1316. 

Measurement of. 252-253. 

Mechanism (»f. 28] 28^1. 

Morse and Fraser’s Meth«Hl. 249- 256. 
Nature of. 282, 28.3. 
of Phenol Solutions. 255. 
of Sucrose Solutions, 264. 278, 279. 
Pfdfer's Measurements, 244, 247-249. 
Reiative, 257-269. 
de Vries’ Method, 257. 

Hamburger's Method, 259. 

Tommann's Method, 259. 

Osmotic Theory of Electrode I^ocessoa. 804. 

of E. M. F.. Nemst’s, 701. 804. 

OstwsJd's DUutiou Law, 511, 555, 559, 779, 
776. 

Modihcatioiui of, 557, 558, 559. 
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OttwAld’i Rule of Veleficy, 5^ 

OvervoUeie, 704, 807, «10-Si9F 
Mewu^ent, 812,813. ’ 

of Hydrogen, 81M17. 
of M^, 810. 

Tbeoriei of, 814>817. 

Oxidation, Acceleration of, 021,922. 

Inhibition of, 921,922, 923,924. 

In Liquid Syiteme, Catalytic, 964,96S. 
Mechanism of Catalytic, 983, 984, 987- 
980. 

-Reduction, Determination by Conduc¬ 
tance, 854. 

Reaotione, Fotentiometric, Study of. 

882, 853. 

OxidM, Mechaniem of Reduction,*983. 

Oxygen and Osone Molecule, Structure of, 

1069-1070. 

Oaone Decomposition, Catalytic, 1236. 
PhotosensitixBtion of, 1232-1236. 
Photochemical Production of, 1212, 1213, 
1217,1218. 

P. 

Palladium and Hydrogen, 437. 

Parkee' Proceu, 443. 

Partial, Beat Capacity of Solute, 739. 

Molal Free Energy, 714, 715, 720. 
in Acid-Salt Mixtures, 723-724. 
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and Vapor Pressure, 1289,1290. 
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Peltier Effect and Conductivity of Alloys, 
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Perfect Gu, Fundamental Equation of, 36. 
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of Classification, 6,7, S, 9. 

Applications of, 9. 

Defects of, 9, 30. 
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Phase, DeSfition oiroiu. 
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Photochemical, Abrorption Law, 1206. 

After Effects, 1246.1247. 
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1244. 
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Temperature Influence on, 1245. 
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of Hydrogen Bromide. 1218-1216,1218. 
of Hydrogen Iodide, 1213-1216, 1218. 
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1187. 1188-1190. 
and I»hoto-Electric Effect, 1008. 
of Einstein. lOU, 1012. 
of Henck. 1006.1008,1009,1012,1020- 
1030, 1033, 1082-1087. UOO. 
of Reaction Velocity. 903. 904. lOSO. 
of Thomson. 1011. 

Origin of, 1006. 
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Wien's Law of, 1016,1017. 
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Radioactive, Bodies, Energy Emission, 1323. 
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Radio-Elements, Nomenclature, 1335. 

as Indicators, 1349-1350. 
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’ in Heterogeneous Systems, 933-1004. 
Nemst’s Theory. 944. 962. 963, 984. 
at Xnterfaoee, 933. 
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Saits, in Salt Solutions, Activity Ooeffidsnts, 
772-775. 

Salts, Hydrolysis of, 82S-828. 
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Second Law of Thermodyaamice, 707. 
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Solutions, Froeaing Point Data, 740,741. 
Electrode Potential. 799, 800. 
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Calculation of, 453. 
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and Particle Size, 1289. 1291. 
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Inotoiiic. 2.59. 
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Sjjark Spectra, 1096, 1097. 

Specific Heat, 198. 
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Tbecaetiosl Equations, U46-11S4. 
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Lyman, 1081,1087,1088. 
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Rydbeit, 1081. 
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1380,1381. 
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Stark Effect, 1100-1101. 

SUffVs TlM)ry of Metallic Conduction, 490. 
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Stationary States. 1083,1089. 

Energy in, 1089,1091,1092,1098. 
Photochemical, 1237-1239. 
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Su4^ur, Abnormality of Mdtinf Point, 
887,388.^ * 

Dynamic Equilibrium in, 825, 880, 831. 
aiOae Component System, 39l-8^» 



ovwuw Vi uquio, Ajs, MO* 

Dioxide, Equfliixium Oxidation in, 328; 
380, 831. 
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T. 

Tautomeric Equilibrium in Indicators, 838. 
Tautomerism, and Dynamic Equilibrium, 
386. 

Keto-Enol, 880. 

Temperature and Chemical EquUibrium, 
307-311. 

Temperature Coefficient, of Catalytic Hydro- 
, genation, 961. 

q{ Catalytic Reactions at Solid-liquid 
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